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11.  ABSTRACT 

This  project  Investigated  the  effects  of  non-constant  lateral  pressures 
on  the  resilient  response  of  granular  materials.  Three  materials  (crushed 
stone,  gravel,  and  a  blend  of  crushed  stone  and  gravel)  at  three  levels  of 
density  were  subjected  to  repeated  dynamic  lateral  and  axial  stresses  In  a 
specially  designed  and  fabricated  trlaxlal  chamber.  The  same  specimens  wer* 
also  tested  at  constant  confining  pressure  and  repeated  dynamic  axial  stresses. 
The  Influence  on  the  resilient  response  of  the  materials  of  such  factors  as 
stress  history,  stress  pulse  duration,  stress  sequence,  density  level,  and 
material  type  was  Investigated. 

Predictive  equation;  for  the  resilient  modulus  and  resilient  Poisson's 
ratio  were  rveloped  by  means  of  nonlinear  regression  analyses  of  the  labora¬ 
tory  data  sensitivity  analysis  of  typical  flexible  pavement  sections  was 
carried  cut  vsing  a  non-linear  finite  sensitivity  analysis;  It  was  possible 
to  ascert  the  significance  of  the  laboratory  results  as  regards  pavements 
response  ui  dynamic  loading. 
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ABSTRACT 


This  project  investigated  the  effects  of  non-constant  lateral 
pressures  on  the  resilient  response  of  granular  materials.  Three 
materials  (crushed  stone,  gravel,  and  a  blend  of  crushed  stone  and 
gravel)  at  three  levels  of  density  were  subjected  to  repeated  dynamic 
lateral  and  axial  stresses  In  a  specially  designed  and  fabricated 
trlaxial  chamber.  The  same  specimens  were  also  tested  at  constant 
confining  pressure  and  repeated  dynamic  axial  stresses.  The  influence 
on  the  resilient  response  of  the  materials  of  such  factors  as  stress 
history,  stress  pulse  duration,  stress  sequence,  density  level,  und 
material  typo  was  investigated. 

Predictive  equations  for  the  resilient  modul  us  and  resilient  Poisson 
ratio  were  developed  by  means  of  nonlinear  regression  analyses  of  the 
laboratory  data.  A  sensitivity  analysis  of  typical  flexible  pavement 
sections  was  carried  out  using  a  non-linear  finite  sensitivity  analysis; 
was  possible  to  ascertain  the  significance  of  the  laboratory  results  ns 
regards  pavements  response  to  dynamic  loading. 
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CHAPTER  1 

JNTROmCTIO!; 


1 . 1  Statcnc-nt  of  the  Problem 

To  accurately  predict  the  performance  of  a  proponed  pavement  section,  the 
designer  must  be  able  to  quantify  the  response  of  each  component  of  the  pavement 
to  the  anticipated  traffic  loads.  To  date,  this  has  been  done  primarily  hv 
ass  Inning  to  each  pavement  material  parameters  which  are  thought  to  most  adequate  iv 
characterize  the  material  as  linearly  elastic.  These  parameters  are  then  used 
In  various  analytical  procedures  which  have  their  liases  in  elastic  tneorv. 

It  is  generally  aeccpted(  however,  that  the  stress-strain  behavior  of  flexible 
pavement  materials  Is  neither  linear  nor  elastic.  In  reality  traffic  induced 
pavement  deformations  consist  of  clastic  (recoverable)  portions,  viscous  (lime 
dependent)  components,  and  plnsLic  (permanent)  components.  Proper  characterization 
of  such  viscoelastic  materials  is  complex  and  too  involved  for  ready  use  as 
an  analytical  tool.  It  appears  that,  while  computational  techniques  ranging 
from  elastic  layered  solutions  to  finite  element  solutions  are  available  and 
readily  adapatahle  to  pavement  structure,  the  ability  to  properly  quantify  the 
necessary  material  parameters  for  use  in  these  techniques  is  lacking.  The  applica¬ 
bility  of  elastic  theory  and  present  computational  schemes  to  pavements  as  well 
as  the  difficulty  of  characterizing  pavement  components  has  been  recognized 
in  the  United  States  and  abroad.  Seed,  et  al.  (61)*  state,  "In  viev;  of  the 
availability  of  tabulated  solutions  for  stresses  and  deflections  in  elastic 
systems  and  the  development  of  numerical  procedures  for  use  with  electronic 
computers,  there  would  seem  to  be  no  obstacle  to  at  least  an  approximate  determina¬ 
tion  of  the  transient  and  recoverable  pavement  deflections,  other  than  the  diffi- 


*  Numbers  In  parentheses  refer  to  entries  in  the  hist  of  References,  page  178. 


cully  of  eviluating  the  appropriate  properties  (elastic  modulus  a no  Poisson's 
ratio)  ot  the  pave rsent  materials." 

Iron  trig  land,  hurt  (14)  has  written,  “The  adequacy  of  linear  elastic  theory 
has  been  demonstrated  for  many  conditions  provided  that  the  appropriate  dvnnmic 
codu 1 1  are  used ..." 

two  major  types  oi  flexible  pavement  distress  vhlch  Unit  perfortaanre  are 
excessive  rutting  (plastic  deforn.it ion)  and  fatigue  cracking  of  the  asphalt 
surface.  Occurrence  af  the  former  has  been  considerably  reduced  through  applica¬ 
tion  of  current,  empirically-derived  design  procedures.  On  the  other  hand, 
the  latter  is  becoming  more  prominent.  Fatigue  cracking  results  from  repeated, 
instantaneous,  and  recoverable  deflections  brought  about  hv  the  transient  traffic 
loadings.  The  instantaneous  and  recoverable  nature  of  these  deflections  lias 
led  many  researchers  to  conclude  that  they  can  he  predicted  by  suitable  application 
of  elastic  theory.  They  have  been  termed  "resilient"  deflections  rather  than 
clastic  In  order  to  avoid  confusion. 

The  importance  of  deflections  in  determining  pavement  performance  has  been 
recognized.  Certain  design  schemes  seek  to  limit  the  load-induced  surface  deflec¬ 
tions  as  a  means  of  preventing  fatigue  cracking,  i  thers  have  attempted  to  corre¬ 
late  surface  cracking  with  the  radius  of  curvature  of  deflection  basins  and, 
thus,  limit  the  radius.  More  recently,  engineers  have  become  aware  that  to 
reliably  predict  pavement  performance  it  is  necessary  to  assess  the  states  of 
stress  and  strain  existing  in  a  pavement  structure  under  moving  loads.  Therefore, 
efforts  have  been  made  to  determine  constitutive  s'*res}-strain  relations  for 
paving  materials. 

In  developing  constitutive  relations  and  applying  them  to  boundary  value 
problems  such  as  the  transient  loading  of  a  pavement  section,  it  is  necessary 
that  the  materials  be  tested  under  the  appropriate  conditions.  For  example, 
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it  is  thought  that  granular  material  responds  differently  to  dynamic  loadings 
than  to  static  loads.  Therefore,  in  order  to  develop  predictive  equations  for 
the  material  parameters  of  a  granular  base-coarse  material,  it  should  be  tested 
using  stresses  of  the  magnitudes  expected  in  service,  and  these  stresses  should 
be  applied  dynamically.  Several  dynamic  testing  procedures  have  been  used. 

In-sitti  tests  on  pavement  sections  Include  vibratory  techniques  and  repeated 
plate-load  tests.  Laboratory  tests  include  resiliometer  and  repeated- load  triaxial 
testing.  The  triaxial  test  lias  several  advantages.  It  is  relatively  Inexpensive 
compared  to  field  tests  and  it  requires  lers  time.  In  addition,  stresses  can 
l>e  applied  to  a  specimen  as  pulses  that  simulate  those  applied  to  an  element 
In  an  actual  pavement.  Several  investigators  have  reported  the  resulis  obtained 
from  repeated-load  triaxial  tests  on  pavement  materials  (24) (31) (51) (52).  Speci¬ 
mens  in  these  tests  were  subjected  to  constant  confining  pressures  and  pulsed 
axial  loads.  There  have  been  no  reports,  however,  regarding  studies  in  which 
the  confining  pressure  was  varied  simultaneously  with  the  axial  pressure  on 
such  a  time  scale  as  to  accurately  simulate  a  moving  wheel  load.  In  effect, 
previous  investigations  have  approximated  the  maximum  levels  of  radial  stresses 
to  be  found  at  various  locations  in  a  pavement  system,  but  the  effects  of  time- 
dependent  variations  In  these  stresses  as  they  reach  these  maxima  have  not  been 
explored.  Because  the  material  parameters  of  certain  pavement  components  have 
been  found  to  be  highly  stress  dependent,  it  appears  desirable  to  ascertain 
the  effects  of  non-constant  lateral  pressures  on  the  resilient  properties  of 
these  granular  materials. 

1.2  Objective  and  Scope 

The  objective  of  this  research  was  to  assess  the  effects  of  non-constant 
lateral  pressures  on  the  resilient  response  of  granular  materials.  Predictive 


equation*  (or  material  stiffnesses  and  Poisson'*  ratio*  were  developed  and  are 
considered  accurate  (or  use  in  various  analytical  technicues,  insofar  as  they 
art  applied  to  the  proper  boundary  value  problem.  That  is,  these  are  pseudo- 
elastic  naterial  parameters  that  define  the  response  of  an  unbound  granular 
base  course  material  to  stresses  applied  at  typical  vehicle  speeds.  It  is  not 
Intended  that  the  e  results  serve  as  a  model  for  predicting  accumulated  plastic 
deformations  (rutting).  However,  it  is  suggested  that  these  results  have  direct 
application  to  the  problem  of  predicting  transient,  "resilient"  pavement  deflections, 
anu  therefore,  serve  as  a  step  toward  the  successful  prediction  of  asphalt  concrete 
pavement  fatigue  life. 

The  project  was  divided  into  several  phases.  Phase  I  consisted  of  a  litera¬ 
ture  survey  concerned  chiefly  with  the  factors  involved  in  developing  constitutive 
relations  for  granular  materials,  previous  experimental  methods  of  determining 
material  properties  of  cohcsionless  soils,  factors  affecting  the  resilient 
properties  of  granular  materials,  and  the  various  predictive  models  for  material 
resilient  moduli  and  Poisson's  ratio  that  have  been  proposed.  Phase  I  is  discussed 
in  Chapter  2. 

Phase  II,  reported  on  in  Chapter  3,  included  the  study  of  stress  distributions 
in  flexible  pavement  systems  under  load  and  the  subsequent  development  of  stress 
pulses  for  use  in  repeated-load  trlaxial  testing. 

Phase  III  was  the  laboratory  testing  program.  As  reported  in  Chapter 
4,  compacted  samples  of  granular  materials  were  subjected  to  repeated  stress 
pulses  which  were  accurate  simulations  of  the  stresses  applied  to  an  element  of 
a  flexible  pavement  section  under  moving  wheel  loads.  Lateral  stresses  were 
varied  simultaneously  with  axial  stresses.  Such  factors  as  density,  stress 
pulse  duration,  number  of  stress  repetitions,  and  type  of  material  were  varied 
in  order  to  assess  their  effects  on  resilient  response.  For  comparison  purposes. 
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tests  were  run  in  which  specimen*  wm  subjected  to  constant  lateral  pressures 
and  r uprated  axial  load*.  A1  oacli  atrcaa  level  resilient  radial  and  axial 
strains  were  measured. 

I'liase  IV,  discussed  in  Chapter  5,  consisted  of  reduction  and  presenlat  Ion 
of  data  acquired  during  the  lent i hr  phase.  11m-  sign if  leaner  of  each  tenting 
variable  In  discussed  and  predictive  equations  ftr  the  resilient  modulus  and 
I’oinnoii'n  ratio  arc  presented. 

A  sensitivity  analysis  is  presented  in  Chapter  it  In  which  the  effects 
of  changes  in  granular  material  parameters  on  the  quantitative  indicators  ol 
pavement  perfor. wince  are  investigated  for  typical  pavement  sections. 

Chapter  7  contains  conclusions  reached  as  a  resull  of  this  study  as  well 
as  recommendations  for  further  research. 

A  list  of  pertinent  references  Is  included  at  the  end  of  this  report. 

It  should  he  noted  that  little  mention  is  made  of  reports  published  prior  to 
l%7  because  these  are  comprehensively  summarized  by  Seed,  el  al.  ('!». 
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CHAPTER  2 
l.ITERATURl  SIRVEY 


2. I  (onstitutlve  Relation* 

Before  a  solution  to  a  boundary  value  problem  can  be  obtained,  it  is  necessary 
to  quantify  the  stress-strain  properties  of  the  rutterials  involved.  The  relation¬ 
ship  between  stress  and  strain  In  a  material  is  known  as  the  "constitutive" 
law.  In  general  terms,  stress  (strain)  in  a  material  is  a  (unction  of  location, 
time,  temperature,  and  strain  (stress),  lor  example,  Wcslnann  (72)  uses  the 
following  nomenclature: 


xx 


xx 


(T. 


XX 


y  v 


X,  V.  7,  t ,  1 ' 


(2.1) 


wher«  ,  t  represents  time 

T  r. presents  temperature 
X,  Y,  7,  represent  location 
represents  strain 
J  represents  stress 

It  has  been  verified  experimentally  that  for  rates  of  loading  corresponding 
to  those  applied  bv  moving  higlivny  or  aircraft  traffic,  unbound  granular  materials 
respond  essentially  independently  of  temperature  and  rate  of  loading.  (Seed, 
et  nl.,  Ref.  f»  1 )  Therefore,  the  response  of  materials  may  be  characterized 
as  either  linear,  rate-independent  or  nonlinear,  rate- independent.  That  the 
response  of  granular  materials  is  non-linear  has  also  been  well-documented. 

(IlicKs,  31)  In  addition,  the  instantaneous  and  recoverable  nature  of  the  strains 
in  highway  pavenoni.  components  subjected  to  moving  loads  has  led  previous  investi¬ 
gators  to  model  granular  materials  as  non-linear,  elaatic. 

Defile n( 18)  describes  a  constitutive  relation  for  non-linear,  elastic  materials 


which  is  represented  by  the  strain  matrices  corresponding  to  a  large  number 
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of  differing  stress  matrices. 

It  is  common(18)(31)  to  express  a  nonlinear,  elastic  constitutive  law 
in  terns  of  stress-strain  increments,  where  the  increment  of  strain  is  a  ’inear 
function  of  the  stress  increment  superimposed  on  the  reference  stress  level. 

In  nutrlx  form: 
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l.xprcssed  in  cylindrical  coordinates  and  for  an  axisymmetrlc  condition: 
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Assuming  no  coupling  between  volumetric  and  shear  stress  and  strains: 
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Cor  the  triaxial  teat,  confining  stresses  and  axial  stresses  arc  principal 
stresses.  Therefore,  i  ■  0  and: 
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For  an  Isotropic  material  Equation  (2.4)  reduces  to  the  standard  Hook's  law 
formulation: 
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where,  E  is  Young's  modulus  and  V  is  Poisson's  ratio. 

Note  that  the  use  of  the  standard  triaxial  test  allows  the  determination 
of  only  two  constants  in  Equation  (2.4)  A  and  A  ,  In  this  case  A  represents 

J  J  X  J  i  J  J 

the  stiffness  in  the  direction  of  applied  stress  and  A^  represents  Poisson's 
ratio  perpendicular  to  the  applied  stress.  The  assumption  of  isotropy  must 
be  made.  Hence,  A^  ■  A^  A^  =  =  A^* 

The  following  section  discusses  various  models  and  laboratory  procedures 
that  have  been  employed  to  describe  the  behavior  of  granular  materials. 

2.2  Models  and  Laboratory  Investigations 

Seed,  et  al.(61)  have  summarized  the  results  of  repeated  load  tests  conducted 
on  granular  materials  confined  in  rigid,  hollow  cylinders  and  in  the  Hveem 
Resiliometer .  Although  the  Resiliometer  is  used  by  the  California  Highway 
Department,  these  types  of  tests  have  not  been  utilized  too  extensively.  Recent 
laboratory  and  theoretical  studies  have  yielded  interesting  and  sometimes  contra¬ 
dictory  results.  The  first  of  these,  conducted  by  Ko  and  Scott  (41) (42) ,  involves 
the  use  of  a  soil  test  box  that  can  apply  three  different  normal  stresses  to 
the  sides  of  cubical  samples.  These  principal  stresses  can  be  varied  indepen¬ 
dently  by  use  of  a  mechanical-hydraulic  device.  Results  of  tests  conducted 
on  cubical  sand  samples  indicate  that  the  volumetric  compression  of  sand  stressed 
hydrostatically  is  nonlinear  but  nearly  elastic  for  pressures  up  to  about  80  psi. 
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Hardin(29)  developed  a  shear  stress-strain  relation  to  be  applied  to  non¬ 
destructive  testing  of  airport  pavements.  Using  an  apparatus  capable  of  applyi  ig 
repeated  torque  to  soil  samples  he  measured  the  shear  modulus  over  an  extreme 
range  of  strain  levels. 

A  theoretical  study  by  Nelson  and  Baron  (55)  resulted  in  their  proposal 
of  an  isotropic  relation  between  stress  and  strain  for  soils.  They  state  that 
no  unique  stress-strain  relation,  per  se,  exists,  but  that  the  bulk  and  shear 
moduli  are  functions  of  the  stress  and/or  strain  invariants. 

Barenberg  (5)  reported  the  results  of  repeated  loads  on  granular  materials 
on  a  prepared  subgrade.  The  testing  apparatus  was  a  tvo  dimensional  box  4  feet 
long  by  6  inches  wide  by  18  inches  deep.  The  load  was  applied  through  a  steel 
plate  6  inches  long  by  4  inches  wide.  The  results  showed  that  Lhe  reponse 
of  the  granular-subgrade  layered  system  was  greatly  influenced  by  the  moisture 
content  of  the  granular  layer,  with  degrees  of  saturation  above  80  percent 
having  a  particularly  detrimental  effect. 

Figure  2.1  relates  permanent  deformation  to  magnitude  of  load,  number 
of  applications,  and  moisture  content.  Figure  2.2  relates  the  recoverable  deforma¬ 
tion  after  20,000  load  applications  to  the  dry  density  of  the  granular  material. 

Huang  (34)  presented  an  analytical  technique  for  determining  stresses 
and  displacements  in  nonlinear  soil  media  in  which  he  represented  the  material 
stiffness  by: 

E  =  (l+  30)  (2.6) 

a  relationship  originally  suggested  by  Barkan  (7).  In  this  equation,  E  =  elastic 

modulus  under  the  given  stress  invariant;  E  ■  initial  elastic  modulus;  3  *  a 

o 

soil  constant  (psi  *)  indicating  the  percentage  increase  in  elastic  modulus 
per  1  psi  increase  in  stress  invariant;  0  =  the  first  stress  invariant. 

In  recent  years  the  applicability  and  desirability  of  using  laboratory 
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tests  to  characterize  paving  materials  has  been  widely  recognized  (18) (31) (48) (61). 
in  particular,  the  trlaxlal  test  has  received  increasing  interest  prlnarily 
because  this  apparatus  can  be  programed  to  apply  repeated  stresses  of  such  dura¬ 
tion  and  magnitude  as  to  simulate  the  stresses  applied  to  a  pavencnt  element 
under  moving  wheel  load.  There  are  varieties  of  the  trlaxlal  test.  Bamert, 
Schmittcr,  and  Weber  (3)  reported  on  the  use  of  a  standard  trlaxlal  cell  modified 
to  include  a  dropping  weight  to  apply  the  dynamic  load,  a  spring  device  to  preset 
and  seismic  measuring  equipment.  With  this  device  they  measured  the  static 
and  dynamic  moduli  of  sand. 

Dunlap  (24)  reported  the  results  of  Texas  trlaxlal  tests  on  compacted 
specimens  of  crushed  limestone  base  course  materials  as  well  as  the  results 
of  repeated-load  trlaxlal  tests  on  the  seme  materials.  In  the  Texas  trlaxlal 
test,  6  -  by  8-  inch  specimens  are  tested  to  failure  at  a  loading  rate  of  0.15 
Inches  per  minute  after  undergoing  a  drycuring  and  capillary  absorption  treat¬ 
ment.  Because  ln-situ  pavement  base  courses  are  subjected  to  a  large  number 
of  short  duration  stresses  of  less  than  failure  magnitude,  only  Dunlap's  repeated 
load  test  results  are  presented  herein.  Specimens  at  various  constant  lateral 
pressures  were  subjected  to  repeated  vertical  stresses  of  varying  magnitude 
and  applied  by  means  of  a  solenoid  actuated  hydraulic  cylinder.  Dunlap's  pro¬ 
posed  deformation  law  is  as  fellows: 

>1  -  K7  +  K  +  a.)  (2.7) 

z  2  3  r  6 

where,  M  ■  modulus  of  deformation  measured  in  the  direction  of  applied  stress,  oz 
K,  ■  modulus  of  deformation  in  the  unconfined  condition  and  is  analo- 

d. 

gous  to  Young's  modulus  in  elastic  theory. 

o,a  E  radial  and  tangential  stresses. 

r  c» 


For  the  triaxial  test,  (2.7)  becomes: 


M 

z 


K2  +  2K3  (or) 


(2.8) 
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Figure  2.3  depicts  Equation  (2.8)  graphically.  Dunlap  determined  by  divi¬ 
ding  the  repeated  deviator  stress  by  the  recoverable  strain,  which  was  measured 
by  dial  extensometers .  Figure  2.4  is  typical  oi  his  results. 

In  an  attempt  to  better  simulate  field  conditions,  Dunlap  ran  a  series 
of  tests  in  which  the  lateral  pressures  were  varied  simultaneously  with  the 
deviator  stresses.  The  assumption  was  made  that  the  lateral  stresses  were  a 
constant  percentage  of  the  deviator  stresses,  and  in  order  to  maintain  this 
proportionality,  both  stresses  were  varied  manually  at  a  strain  rate  of  0.005 
inches  per  minute.  He  concluded  that  the  deformation  constants  (K^  and  K^) 
were  reduced  by  increasing  the  moisture  content  of  the  sample  and  by  reducing 
the  density.  In  addition,  he  found  that  M  was  greater  for  rates  of  loading 
corresponding  to  those  in  the  field  than  for  slower  rates.  Finally,  he  stated 
that  sample  densif ication  under  greater  numbers  of  load  repetitions  tended  to 
increase  the  deformation  constants. 

Moore,  Britton,  and  Schrivner  (51)  used  an  optical  tracking  system  to 
measure  lateral  and  axial  displacements  on  samples  of  compacted  crushed  limestone 
subjected  to  repeated  loads  in  a  triaxial  machine.  Using  the  relation: 

M  «  K_  +  K.  o  2  (2.9) 

z  l  Jr 

they  investigated  the  effects  of  number  of  load  applications,  stress  history, 
and  rate  of  loading  on  the  modulus  of  deformation,  Mz«  They  concluded  that:  (1) 
the  modulus  increases  as  the  number  of  repetitions  increases,  partly  because 
of  loss  of  moisture  from  the  sample  during  testing;  (2)  it  is  not  possible 
to  predict  the  stiffness  of  a  granular  material  unless  its  entire  stress  history 
is  known;  (3)  the  effect  of  rate  of  loading  is  small  for  rates  varying  from  200 
to  650  psi/sec.  Figure  2.5  is  typical  of  these  results  relating  the  modulus  to 
number  of  load  applications. 

Kirwan  and  Glynn  (38)  reported  the  results  of  repeated  triaxial  tests  on 
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Figure  2.3 

Relationship  between  Modulus  of  Deformation  and  Lateral  Pressure  (After  Dunlap  (24)1. 
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Figure  2.4 

Effect  of  Lateral  Pressure  on  Modulus  of  Deformation  for  Repeated  Deviator  Stress  of  51.8  psi 
(After  Dunlap  (24)). 
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granular  soils  subjected  to  constant  confining  pressure.  They,  too,  preferred 
Barkan's  model,  Equation  (2.6). 

Morgan  (52)  tested  sands  in  a  triaxial  apparatus.  He  applied  constant 
lateral  pressures  and  repetitive  axial  loads.  He  found:  (1)  After  a  certain 
number  of  repetitions,  permanent  deformations  remain  essentially  constant. 

(2)  Confining  pressure  is  the  most  significant  factor  affecting  stiffness. 

At  constant  confinement,  an  increase  in  deviator  stress  reduces  the  modulus 
only  slightly.  (3)  Poisson's  ratio  appears  to  be  unrelated  to  confining  pressure, 
deviator  stress,  or  number  of  load  repetitions.  For  these  sands,  Poisson's 
ratio  ranged  from  0.2  to  O.A. 

Makhlouf  and  Stewart  (A7)  reported  the  following  results  of  cyclic  triaxial 
tests  on  air-dry,  clean,  Ottawa  sand:  (1)  Sand  in  the  loose  or  dense  state 
exhibits  strain-hardening  characteristics  over  the  range  of  stresses  studied. 

(2)  Inelastic  strains  continue  in  a  decreasing  manner  with  continued  loading 
cycles.  (3)  The  modulus  of  elasticity  increases  as  the  confining  pressure 
increases . 

2 . 3  Concept  of  "Resilient"  Response 

The  applicability  of  the  concept  of  resilient  tor  pseudo-elastic)  response 
of  granular  materials  is  widely  recognized  (18) (31) (61) .  Basically,  tills  approach 
seeks  to  formulate  predictive  equations  for  the  resilient  modulus 

and  resilient  Poisson's  ratio  through  the  use  of  repeated-load  triaxial 
tests.  By  expressing  these  parameters  as  functions  of  the  state  of  stress 
in  the  materials,  it  is  possible  to  account  for  nonlinear  material  response. 

The  derived  modulus  and  Poisson's  ratio  may  then  be  used  to  characterize  the 
granular  layer  in  the  numerical  solution  for  transient  pavement  deflections. 


18 


Two  models  have  been  used  to  describe  the  resilient  modulus: 


M  =K.  a.  2 
r  13 


M  =  K,  '  9K2 

r  1 


where,  M  =  resilient  modulus 
r 


(2.10) 

(2.11) 


K  ,  K,,  K  ',  K  '  =  constants  from  regression  analysis 

X  t.  1  J. 

o „  =  confining  pressure,  psi 
■  =  sum  of  principal  stresses,  0^  +  2  0^ 

Hicks  (31)  tested  compacted  samples  of  granular  materials  using  a  conventional 
triaxial  testing  apparatus.  At  each  of  several  constant  confining  pressures, 
lie  applied  a  series  of  repeated  axial  loads  of  varying  magnitude.  Figure  2.6 
illustrates  his  methods  of  determining  the  resilient  modulus  and  Poisson's 
ratii.  for  a  given  confining  stress.  Note  that  either  secant  or  tangent  coefficients 
may  oe  obtained.  It  is  believed  that  secant  values  are  most  applicable  to 
Iterative  tvpe  solutions  and  tangent  values  are  best  used  witli  incremental 
solutions  (see  Chapter  3) .  Regression  analysis  of  the  results  of  tests  conducted 
at  various  levels  of  confining  stress  yields  values  for  the  constants  in  Equations 
2.10and  2.11.  He  also  modeled  Poisson's  ratio  as  a  function  of  the  principle 
stress  ratio: 


where,  the  A  constants  were  found  by  least  squares  techniques. 


(2.12) 


2.4  Factors  Affecting  the  Resilient  Properties  of  Granular  Materials 

Following  is  a  discussion  of  the  factors  affecting  the  resilient  response 
of  granular  materials.  This  information  has  been  gathered  from  the  results  of 


Figure  2.6 

Methods  Employed  for  Computing  Resilient  Modulus  and  Poisson's  Ratio  (After  Hicks  (31)1. 
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repeated-load  trlaxial  testa  on  compacted  specimens  of  typical  base  and  subbase 
course  aggregates. 


2.4.1  Stress  History 

One  of  the  more  Important  findings  was  reported  by  Hicks  (31).  Investigating 
the  influence  of  stress  sequence  and  number  of  repetitions  on  the  resilient 
response,  he  subjected  a  series  of  specimens  to  25,000  load  applications  and 
observed  the  change  in  resilient  modulus  and  Poisson's  ratio.  In  this  test 
he  used  two  stress  sequences,  one  increasing  and  Ihe  other,  decreasing.  These 
stress  sequences  are  illustrated  in  Figure  2.7.  This  series  of  tests  revealed 
that,  as  long  as  the  stresses  were  representative  of  those  founu  in  an  actual 
pavement  system,  the  resilient  response  of  dry  and  partially  saturated  granular 
materials  measured  after  50  to  100  stress  repetitions  is  an  accurate  representation 
of  the  response  of  that  material  when  subjected  to  a  complex  stress  history. 

In  addition,  he  found  that  one  specimen  may  be  used  to  measure  the  resilient 
response  at  all  stress  levels  and  that  these  different  stress  levels  could 
be  applied  in  any  sequence. 

It  has  been  found  by  others  (51) (18)  that  the  resilient  modulus  does  depend 
somewhat  on  stress  history.  Herein,  stress  history  is  used  to  refer  to  the 
complex  totality  of  stresses,  normal  and  shear,  that  have  been  applied  to  a 
specimen  in  service  or  in  the  laboratory.  Dehlen  (18)  proposed  the  following 
reasons  for  stress  history  effects  on  the  resilient  properties  of  granular 
materials:  (a)  progressive  densif ica.tion,  (b)  particle  rearrangement,  and  (c) 
development  and  dissipation  of  pore  pressures  under  repeated  applications  of 
stress.  He  also  reported  that  the  resilient  response  of  sands  and  clays  subjected 


to  complex  stress  histories  could  be  estimated  adequately  after  50  to  100  load 


repetitions. 
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2.4.2  Duration  of  Load  and  Frequency  of  Application 

Seed,  et  al. ,  (61)  reported  that  the  resilient  modulus  for  sands  increased 
from  23,000  psi  to  27,000  psi  as  the  duration  of  load  decreased  from  20  minutes 
to  1/3  second.  Hicks  conducted  tests  at  stress  durations  of  0.1,  0.15  and 
0.25  seconds  and  found  no  change  in  the  resilient  modulus  or  Poisson's  ratio. 
Similarly,  Mitry  (48)  found  that  the  duration  of  load  has  no  pronounced  effect 
on  the  resilient  modulus  of  sand  and  gravel.  Although  the  resilient  modulus 
generally  increases  with  an  increase  in  the  frequency  of  load  application  (Seed, 
et  al.,  61),  there  is  little  effect  for  frequencies  in  the  range  of  those  expected 
to  occur  in  a  pavement  structure.  Consequently,  most  investigators  have  used 
testing  frequencies  on  the  order  of  20  to  30  repetitions  per  minute  (30) (31) (48) 

'  (61). 


2.4.3.  Aggregate  Type  and  Gradation 

Hicks  (31)  found  that  the  resilient  modulus  increased  with  increasing 
particle  angularity  or  surface  roughness  and  that  Poisson's  ratio  generally 
was  lower  for  the  same  conditions.  Figure  2.8  shows  the  effect  of  aggregate 
types  on  the  resilient  modulus,  and  Figure  2.9  the  effect  on  Poisson's  ratio. 

For  a  given  aggregate,  varying  the  percentage  finer  than  the  number  200  sieve 
has  a  small  effect  on  the  resilient  response  of  the  material  (31)  for  a  range  of 
fines  from  2  to  10  per  cent. 

2.4.4  Density 

Previous  test  results  from  Hicks  (31)  indicate  that  the  resilient  modulus  is 
greater  for  samples  compacted  to  higher  relative  densities  and  subjected  to 
identical  stresses.  Figures  2.10  and  2.11  graphically  illustrate  this  etfcct 
and  the  effect  of  density  on  Poisson's  ratio.  It  should  be  noted  that  the 


Confining  Pressure,  psi  Confining  Pressure,  psi 

(a)  Coarse  Grading  (b)  Fine  Grading 


Figure  2,8 

Effect  of  Aggregate  Type  (Partially  Crushed  vs.  Crushed)  on  the  Relationship  between 
Resilient  Modulus  and  Confining  Pressure  (<^3).  Dry  Test  Series, (After  Hicks  (31)). 
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Figure  2.9 

Effect  of  Aggregate  Type  (Partially  Crushed  vt.  Crushed)  on  the  Relationship  between 
Poisson's  Ratio  and  Principal  Stress  Ratio  (*j/ff3)  Dry  Test  Series.  (After  Hicks  (31 H 
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density  effect  is  shown  to  be  rather  slight,  particularly  as  compared  with 
the  effect  of  confining  pressure.  This  is  an  encouraging  development,  since 
the  densitv  of  base  and  subbase  courses  in  a  pavement  structure  will  change 
during  the  pavement's  service  life. 

2.4.5  )c grei  of  Saturation 

Haynes  and  Yoder  (30)  found  that  tiie  resilient  moduli  of  gravels  were 

more  affected  by  an  increase  in  the  degree  of  saturation  than  were  the  moduli 

of  crushed  stone.  Figure  2.12,  from  Reference  49,  shows  the  relationship  between 

K,  (;'  =  K.  lV2)  and  water  content.  Table  2.1  summarizes  the  influence  of 

i  r  13 

degree  of  saturation  on  the  resilient  properties  of  granular  materials.  In 
general,  it  can  be  stated  that  an  increase  in  the  percent  saturation  of  a  granular 
material  has  an  adverse  effect  on  its  resilient  properties.  This  reduction 
in  stiffness  is  thought  to  be  caused  by  the  development  of  excess  pore  water 
pressure  under  repeated  loads  with  an  accompanying  reduction  in  effective  con¬ 
fining  stress  (Kasianchuk,  37).  As  regards  Poisson's  ratio,  Hicks  (31)  found 
that,  generally,  it  decreased  as  the  degree  of  saturation  increased,  Figure  2.13. 

0.  0.  Thompson  (69)  conducted  repeated  load  tests  on  compacted  granular  spe¬ 
cimens  in  which  a  pore  pressure  gage  was  installed.  Such  factors  as  gradation, 
density,  and  axial  pressure  were  varied.  Permanent  and  resilient  deformations 
were  recorded.  Thompson's  results  confirmed  the  findings  of  Havnes  and  Yoder 
that  at  high  degrees  of  saturation  resilient  and  permanent  deformations  increased 
substantially  and  also  the  measured  pore  water  pressures  increased. 

2.4.6  Stress  Level 

Without  exception,  previous  investigators  have  found  that  stress  level 
has  the  most  significant  effect  on  the  resilient  properties  of  granular  materials. 


Resilient  Poisson's  Ratio 
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Water  Content,  % 

Figure  2.12 

Variation  in  Regression  Constant  fKj)  Mr  =  ^ 

with  Water  Content  (After  Hicks  (31 )). 
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Figure  2.13 

Effect  of  Degree  of  Saturation  on  the  Relationship  between  Resilient  Poisson's  Ratio 
and  Principal  Stress  Ratio.  Partially  Crushed  Aggregate.  (After  Hicks  (31)). 


TABLE  2.1 


INFLUENCE  OF  DECREE  OF  SATURATION  ON  THE 
RESILIENT  PROPERTIES  OF  CRANl'LAR  BASE  MATERIALS 
(After  Hicks,  Ref  31) 


Percent  Relative  Degree  of 

Passing  Density  Saturation 

No. 200  Percent  Percent 


Mean 

Poisson 1 s 
Ratio 


87.5 

100 

9,063 

.52 

0.25 

Crushed 

Aft&reftate 

89.3 

0 

12,338 

.55 

0.41 

3 

86.1 

70 

8,818 

.57 

0.29 

87.0 

0 

13,435 

.56 

0.27 

5 

87.3 

81 

9,032 

.58 

0.22 

86.0 

0 

14,672 

.50 

0.23 

10 

91.8 

04 

7,759 

.57 

0.45 

*  Values  obtained  using  linear  interpolation 
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Figure  2.14  shows  the  influence  of  radial  and  axial  stresses  on  recoverable 
strains.  Several  points  are  illustrated  in  this  figure.  First,  the  higher 
degree  of  nonlinearity  at  lower  confining  pressures  is  apparent.  Second,  the 
decrease  in  resilient  strain  with  increase  in  confinement  is  also  obvious. 

Third ,  it  is  shown  that  radial  strains  show  a  softening  effect  with  increased 
axial  stress,  while  axial  strains  exhibit  a  stif fening-type  response. 

Figure  2.15  shows  the  variation  in  resilient  modulus  with  principal  stress 
ratio  (effect  of  increasing  axial  stress).  The  stiffening  response  shown  for 
increasing  ratios  is  also  apparent  in  Figure  2.14,  but  less  obviously.  Hicks 
(31)  found  thH  stiffening  effect  to  continue  up  to  a  principal  stress  ratio 
of  11,  but  Seed,  et  al.,(6l),  in  testing  similar  materials  at  a  stress  ratio 
of  10,  observed  t lie  specimen  to  fail  in  shear  at  about  1000  load  repetitions. 

Hicks  concluded  that,  as  long  as  shear  failure  does  not  occur,  this  stiffening 
effect  is  a  real  aspect  of  the  material  and  also  that  Kquations  2.10,  2.11,  and 
2.12  are  valid  indicators  of  the  resilient  modulus  and  Poisson's  ratio.  Figures 
2.16,  2.17  and  2.18  are  typical  representations  of  these  equations. 

2.5  Summary 

The  response  of  granular  base  and  subbase  course  materials  to  repeated 
dynamic  loadings  such  as  those  applied  to  a  pavement  section  by  moving  traffic 
has  been  widely  characterized  by  use  of  the  resilience  approach.  The  recoverable 
or  "resilient"  strains  observed  in  these  pavements  to  be  caused  by  dynamic 
loads  can  be  predicted  through  application  of  appropriate  material  parameters 
and  standard  elastic  theory.  It  appears  that,  at  present,  the  repeated-load 
triaxial  test  offers  the  most  promising  means  of  applying  simulated  field  loading 
conditions  to  specimens  of  pavement  components,  and  thus,  this  test  procedure 
yields  the  most  accurate  estimation  of  a  material's  resilient  modulus  and  Poisson's 
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Figure  2.15 

Variation  in  Secant  Modulus  with  Principal  Stress  Ratio. 
(Partially  Crushed  Aggregate,  Low  Density,  Coarse  Grading.) 
(After  Hicks  (31)1. 
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Figure  2.16 

Variation  in  Secant  Modulus  with  Confining  Pressure 
(Partially  Crushed  Aggregate,  Low  Density,  Coarse 
Grading.)  (After  Hicks  (3D). 
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Figure  2.17 

Variation  in  Secant  Modulus  with  Sum  of  Principal  Stresses 
(Partially  Crushed  Aggregate,  Low  Density,  Coarse  Grading) 
(After  Hicks  (32)1 
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ratio.  The  highly  stress-dependent  nature  of  these  parameters  necessitates 
consideration  of  the  state  of  stress  throughout  a  granular  laver  of  a  pavement 
structure  when  attempting  to  predict  transient  deformations.  Figure  2.i6  shows 
the  drastic  increase  in  resilient  modulus  that  occurs  when  the  confining  pressure 
is  increased  from  1  to  10  psi. 

In  addition,  it  has  been  shown  that  such  factors  as  degree  of  saturation, 
aggregate  tvpe,  gradation,  and  density  affect  the  resilient  properties  of  granular 
materials,  but  much  less  significantly  than  does  the  state  of  stress.  Table 
2.2  summarizes  the  results  of  previous  repeated-load  triaxial  tests  conducted 
to  ascertain  the  factors  affecting  the  resilient  properties  of  granular  specimens. 

Despite  the  knowledge  of  the  heavy  influence  of  confining  stresses  on 
the  resilient  parameters,  there  have  been  no  published  results  of  tests  where 
lateral  stresses  were  varied  simultaneously  with  t lie  axial  stress.  Since  this 
condition  is  representative  of  the  state  of  stress  occurring  in  an  actual  pavement 
structure  subjected  to  moving  wheel  loads,  the  purpose  of  this  research  was 
to  simulate  field  conditions  by  means  of  repeated-load,  var iable-conf ining- 
pressure,  triaxial  tests  in  the  laboratory.  Chapter  3  describes  the  procedures 
used  to  obtain  the  axial  and  radial  stress  pulses  which  were  applied  to  the 
granular  specimens. 
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Chapter  3 

STRESS  DISTRIBUTIONS  IN  FLEXIBLE  PAVEMENTS  AND 
EFFECTS  OF  NON-LINEAR  MATERIAL  PROPERTIES 


The  purpose  of  this  chapter  is  to  discuss  the  procedures  leading  to  the 
development  of  the  stress  pulses  that  were  applied  by  the  triaxial  apparatus 
to  the  granular  specimens.  Of  the  many  available  models  for  analysis  of  pavement 
systems,  three  have  been  applied  most  often  to  f lexible-type  pavements.  These 
three  models,  with  their  accompanying  assumptions  are  described  herein: 


3. 1  Surface  Traction  on  a  Semi-Infinite  Elastic  Halfspace 
3.1.1  Solution  for  Stresses  and  Displacements 

The  problem  of  a  point  load  applied  to  a  linearly  elastic,  homogeneous , 
halfspace  was  solved  by  Boussinesq  in  1885.  Hence,  the  solution  for  stresses 
and  displacements  in  such  a  halfspace  loaded  at  the  surface  is  often  termed 
the  "problem  of  Boussinesq".  Boussinesq 's  results  may  be  expanded  to  solve 
for  stresses  and  displacenu  nts  within  soil  masses  subjected  to  uniformly  distribu¬ 
ted  surface  loadings.  Equations  3.1  have  been  widely  used  for  this  purpose. 


°z  ”  P  [1  "  ,  2  2.3/2 

(a  +  z  ) 


V  P/2  [1  +  2  v  -  2  2! 1/2  +  ,  2  2.3/2 

(a  +  z  )  (a  +  z  ) 


1 


(3.1) 


Wz  =  p/E  [2(1  -  V2)  (a2  +  z2)1/2 - 21'  "  '2^72  *  (V  +  2y2 

(a  +  z  ) 


-  1)  z] 


where,  v  =  Poisson's  ratio 

p  ■  dlscributed  surface  load 


a  =  load  radius  at  surface 
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z  =  depth  below  the  surface 
=  vertical  stress  at  depth  z 
=  radial  stress  at  depth  z 

W  =  vergical  displacement  at  depth  z 
z 

E  =  Young's  modulus 

In  1916  Terazawa  (66)  extended  Boussinesq's  solution  by  use  of  the  stress 
function  concept,  which  forms  the  basis  for  the  layered-elastic  model  described 
in  the  next  section. 

Newmark  (56)  developed  charts  for  the  solution  of  stresses  in  elastic 
masses  from  the  equations  of  Boussinesq.  Foster  and  Ahlvin  (27)  developed 
curves  for  the  solution  of  vertical,  horizontal,  and  shear  stresses  in  an  elastic 
mass  due  to  circular  loaded  plates.  These  curves  allow  for  stress  computations 
at  any  depth  and  at  any  offset  distance  from  the  center  of  the  loaded  area. 

3.1.2  Advantages  and  Limitations  of  the  Boussinesq  Solution 

Although  the  solution  of  the  Boussinesq  problem  has  the  advantage  of  permit¬ 
ting  quick  and  easy  determination  of  the  state  of  stress  within  the  mass,  it 
is  nevertheless  not  well  suited  for  application  to  flexible  pavement  systems. 

The  requirement  that  the  halfspace  be  infinite  in  horizontal  extent  precludes 
the  use  of  this  model  in  solving  for  stresses  and  displacements  resulting  from 
wheel  loads  at  the  edge  of  a  pavement.  In  addition,  because  flexible  pavement 
systems  are  not  made  up  of  linearly  elastic,  homogeneous  materials,  the  Boussinesq 
solution  fails  to  take  account  of  the  changes  in  the  pattern  of  stresses  as 
effected  by  the  varying  material  properties  from  layer  to  layer.  In  fact, 
this  model  usually  overestimates  the  values  of  vertical  stresses  throughout 
the  pavement  structure  and  the  upper  part  of  the  subgrade,  thus  negating  the 
load-spreading  and  stress-reducing  properties  of  the  stiffer  upper  layers. 
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3.2  i  lastic  havered  System 

3.2.1  Development 

The  solution  for  stresses  and  displacements  In  a  symmetrical ly- loaded 
elastic  layered  system.  Figure  3.1a,  was  proposed  by  Burmlster  In  l‘>il  (13). 

Ihe  following  assumptions  were  made! 

1.  Each  layer  Is  composed  of  linearly  clastic,  isotropic,  homogeneous 
material. 

2.  All  layers  are  weightless.  The  upper  lavers  are  Infinite  in  horizontal 
extent,  but  of  finite  thickness.  The  bottom  layer  Is  infinite  in  extent  horizont¬ 
ally  and  vertically  downward. 

3.  The  surface  of  the  top  layer  is  free  of  normal  and  shear  stresses 
outside  tie  loaded  area.  The  load  consists  of  symetrically  applied  normal 
stresses.  The  displacements  and  stresses  approach  z.ero  ns  the  depth  In  the  lower 
layer  approaches  infinity. 

4.  The  layers  are  in  continuous  contact.  That  is,  normal  and  shear  stresses 
as  well  as  vertical  and  horizontal  displacements  are  equal  on  cither  side  of 

the  interfaces.  It  should  be  noted  that  this  requirement  allows  a  discontinuity 
in  radial  stresses  across  an  Interface,  since  for  a  given  equality  of  strains  the 
stresses  will  be  determined  by  the  material  parameters. 

In  Figure  3.1b  u,  v,  and  w  arc  defined  as  displacements  in  the  r,  0  and  z. 
directions,  respectively.  As  a  consequence  of  the  assumed  symmetry  ot  loading 
and  deformations,  the  shear  stresses  J  u  and  T ,  and  the  tangential  displacement 
component  v,  are  identically  zero.  The  solutions  to  boundary  value  problems 
in  the  linear  theory  of  elasticity  require  that  the  equations  of  equilibrium 
and  compatibility  be  satisfied.  This  requirement  can  be  facilitated  by  defining 
stress  functions  </)^  for  each  layer  so  that: 


39 
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where,  •  Ik  the  lap lace  Operator: 
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The  stress  equation*  of  equilibrium  ran  be  written  in  terms  of  the  assumed 
stress  function: 
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The  displacements  can  he  expressed  .is  follows: 
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Tits  following  stress  function  has  been  found  to  satisfy  the  necessary 
conditions* 


#,  •  Je  (nr)  l  (A,  ♦  #ji)e  "*  ♦  (Cj  ♦  DjDe  J  (3,J 

In  this  equation  J  (nr)  Is  the  Bessel  function  of  first  kind  and  zero  order, 
o 

b  is  s  dimensionless  parameter  of  integration,  and  the  i  subscript  refers  to  the 
i  th  layer.  The  constants  A|(  Bj ,  <  J  and  l>(  are  evaluated  fron  the  boundary  and 


Interface  conditions 


For  the  bottom  layer,  the  requirement  that  stresses  and  displacements 
vanish  at  infinity  leads  to  this  stress  function: 

l»h  =  Jo  (mr)  [(Cfe  +  Dbz)  e  "n‘Z  ]  (3.6) 

For  the  special  case  of  a  single  layer  system  (problem  of  Boussinesq) , 
Iquation  3.6  is  the  stress  function  utilized  by  Terazawa  (66} . 

Hurmister  (13)  presented  the  theory  for  2  and  3  layer  systems  but  did 
not  solve  for  specific  values  of  stress.  Computer  solutions  for  layered  systems 
have  been  developed  by  several  groups.  Jones  (36)  solved  the  3  layer  problem 
and  presented  tables  of  coeffients  by  which  the  stresses  at  the  interfaces 
may  be  computed  in  terms  of  the  applied  load.  These  coefficients  were  calculated 
for  various  layer  modular  and  thickness  ratios.  Jones'  solution  was  applicable 
to  the  problem  defined  by  Burmister's  boundary  and  interface  conditions  and 
Poisson's  ratio  equal  to  0.5.  Peattie  (58)  presented  Jones'  results  in  graphical 
form  on  three-dimensional  plots. 

Burmister's  work  hes  been  extended  by  Schiffman  (63)  to  include  surface 
shears  and  general  asymmetry.  He  introduced  a  second  stress  function,  i  ,  into 
the  equations  of  equilibrium  and  solved  by  means  of  Hankel  transforms. 

Oharyulu  and  Sheeler  (15)  presented  a  computer  solution  for  any  arbitrary 
number  of  layers  and  for  different  interlace  conditions.  Specifically  they 
assumed  a  parabolic  surface  stress  distribution  Instead  of  circular.  In  addition, 
they  permitted  different  radial  displacements  on  either  side  of  an  interface. 

As  a  result  of  this  disparity  in  horizontal  displacement,  shear  stresses  on 
either  side  of  an  Interface  "ere  defined  as  being  equal  and  as  bein?  a  function 
of  the  relative  displacement. 

Peutz,  Van  kenpen,  and  Jones  (60)  developed  a  computer  solution  for  stresses 
and  displacements  within  multilayered,  elastic  systems  Induced  by  one  or  more 
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vertical  axisymmetric  surface  loads.  This  solution  permits  the  use  of  two 
interface  conditions.  The  rough  interface  condition  assumes  no  slip  between 
adjacent  layers,  and  thus,  requires  that  shear  stress  and  radial  displacement 
be  constant  across  the  interface.  The  smoother  interface  condition  allows 
the  layers  to  slip  over  each  other  without  any  shear  stresses. 

3.2.2  Advantages  and  Limitations  of  the  Layered  Elastic  Solution 

The.  layered  elastic  model  has  the  advantage  that  one  may  divide  a  pavement 
cross  section  into  any  number  of  layers  and  specify  different  material  parameters 
for  eacli  layer.  In  this  manner,  an  investigator  can  determine  the  effects 
on  derived  stresses  and  displacements  of  placing  stiffer  layers  beneath  less 
stiff  layers  (inverted  sections).  Also,  various  interface  conditions  can  be 
simulated  between  layers. 

Although  possessing  advantages  over  the  elastic  halfspace  model,  the  elastic 
layered  model  suffers  from  several  deficiencies.  Because  of  the  assumed  symmetry 
of  the  model,  it  cannot  be  applied  to  pavement  structures  that  are  limited 
in  extent.  Here  again,  the  problem  of  edge  loads  cannot  be  examined.  As  pointed 
out  by  Barksdale  and  Hicks  (11)  the  effects  of  vibrations  are  neglected  in 
the  layered  elastic  solution.  This  omission  could  be  significant  for  unbound 
granular  materials  which  would  densify  due  to  traffic-induced  vibrations  and 
lead  to  rutting. 

Probably  the  most  serious  deficiency  of  this  approach  lies  in  its  assumption 
that  each  layer  is  linearly  elastic,  isotropic,  and  homogeneous.  Although  this 
deficiency  is  less  pronounced  for  portland  cement  concrete  and  bituminous  concrete 
layers,  which  behave  almost  as  linearly  elastic  materials  over  the  range  of 
stresses  and  rate  of  stress  application  encountered  in  most  pavement  structures, 
it  may  be  more  significant  for  other  pavement  components,  particularly  unbound 
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granular  materials.  The  response  to  load  of  these  materials  may  vary  from 
slightly  nonlinear  to  significantly  nonlinear,  depending  upon  such  factors 
as  stress  level,  position  in  the  structure,  and  the  nature  of  the  overlying 
layers.  For  example,  Duncan,  Monismith,  and  Wilson  (23)  found  that  the  resilient 
modulus  of  the  granular  base  course  was  less  affected  by  the  surface  loading 
witli  a  stiffer  surface  course  than  with  a  less  stiff  asphalt  concrete  layer.  In 
Chapter  2  it  was  reported  that  the  modulus  of  a  granular  material  is  a  function 
of  the  state  of  stress  in  the  material. 

To  account  for  this  stress  dependency  of  the  modulus,  Huang  (34)  has  developed 
an  iterative  computer  solution  for  the  layered  elastic  problem  which  employs 
the  boundary  and  continuity  conditions  proposed  by  Burmister.  The  moduli  for 
the  various  layers  are  derived  from  the  model  suggested  by  Barkan  (7),  E  =  Eq 
(1  +  g0) ,  which  has  been  discussed  previously.  In  this  solution  the  modulus 
for  an  entire  layer  is  computed  from  the  stresses  at  the  center  of  the  layer. 
Huang's  results  indicate  that  the  stresses  computed  for  highly  non-linear  materials 
may  be  as  much  as  30  per  cent  different  from  those  computed  by  linear  theory. 
However,  linear  theory  will  not  account  for  the  stress-dependent  modulus,  and, 
hence,  significantly  overestimate  deflections  throughout  the  systeir. 

The  Chev  5L  iterative  layered  elastic  solution,  available  from  the  University 
of  California  at  Berkeley,  also  takes  account  of  the  stress-dependent  material 
properties  of  pavement  components.  In  this  program  the  modulus  of  granular 
materials  is  computed  as  a  function  of  the  first  stress  invariant  and  the  modulus 
of  cohesive  materials  is  described  as  a  function  of  the  principal  stress  differ¬ 
ence,  -  a y .  The  surface  load  is  applied  in  one  step  and  the  program  performs 
successive  iterations  until  the  moduli  from  step  to  step  differ  by  less  than 
a  prescribed  value.  Although  the  modulus  can  vary  only  in  the  vertical  direction 
(i.e.,  the  modulus  is  constant  within  any  one  layer),  such  an  approach  is  a 


43 


reasonable  and  inexpensive  method  of  accounting  for  nonlinear  material  properties. 

3.3  Finite  Ele1  ent  Analysis 

3.3.1  Development 

The  finite  element  technique  of  analysis,  as  applied  to  pavement  systems, 
possesses  many  advantages  over  previously  discussed  techniques;  although  it, 
too,  has  certain  limitations.  The  purpose  of  this  section  is  to  briefly  describe 
the  manner  in  which  this  type  of  solution  may  be  applied  to  pavement  systems 
and  to  mention  the  advantages  and  limitations  inherent  in  the  process. 

The  first  step  is  to  reduce  the  continuum  to  a  system  of  discrete  bodies. 

In  the  analysis  of  layered  systems  this  is  done  by  dividing  the  continuous 
structure  into  an  assemblage  of  axisymmetric  elements,  which  are  interconnected 
at  circumferential  joints.  This  characterization  is  illustrated  in  Figure 
3.2.  Equilibrium  equations,  in  terms  of  nodal  point  displacements  are  solved 
by  the  direct  stiffness  method: 

[Q]  -  [K]  [U]  (3.7) 

where,  [Q]  is  the  matrix  of  concentrated  node  point  loads, 

[K]  is  the  stiffness  matrix 

[U]  is  the  matrix  of  node  point  displacements  in  the  r-z  plane. 

The  form  of  the  displacement  field  within  each  element  must  be  assumed. 

Most  often  tills  is  done  by  defining  displacements  at  any  point  (r,z)  within 
an  element,  m,  as  linear  functions  of  position;  this  condition  assures  continuity 
between  elements.  The  displacement  field  may  then  be  stated  in  terms  of  the 
nodal  point  displacement,  { l'n> .  Strain  at  any  point  within  an  element  is  related 
to  displacements  by: 
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a.  RECTANGULAR  RING  ELEMENT  1 
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b.  FOUR  ELEMENT  IDEALIZATION  OF  AN  AXISYMMETRIC  SOLID 


Figure  3.2 

Notation  llted  in  tht  Ftnita  Element  Idealization  of  an 
Axisymmetric  Solid  (After  Barksdale  (811 
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Substituting  the  displacement  function: 

{£.}  =  [B]  {U}  (3.9) 

where,  {e}  =  strain  vector 

[B]  *  coefficient  matrix  relating  strain  to  nodal  displacement. 

{u}  =  nodal  point  displacement  vector 

The  relationship  between  stress  and  strain  at  a  point  in  an  element  may  be 
expressed  in  terms  of  an  elasticity  matrix. 

{0}  -  [D]  { £ }  (3.10) 

where,  {a}  -  stress  vector 

[D]  ■  elasticity  matrix 
{e}  -  strain  vector 


For  a  linear,  isotropic  material  Equation  3.10  nay  be  stated: 
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The  stiffness  matrix  for  element  m  may  now  be  formed.  Wilson  (73)  defines 
it  in  this  manner: 

[Km]  -  j'  [ B ] T [ D ]  [B]dv  (3.12) 

vol 

|  where,  the  integral  must  be  integrated  over  the  entire  volume  of  the  ring  element. 

i 

|  Wilson  further  defines  the  stiffness  matrix  for  the  entire  assemblage  of  m 

elements  as : 


m  =  1 


In  developing  the  load  vector,  [Q],  concentrated  loads  at  the  node  points 
may  be  placed  directly  in  the  proper  position.  However,  distributed  surface 
tractions  must  first  be  transformed  into  equivalent  concentrated  nodal  loads. 

One  method  of  accomplishing  this  transformation  is  to  replace  the  surface  tractions 
with  nodal  loads  that  accomplish  the  same  amount  of  work  as  the  node  points 
are  displaced. 

Once  the  stiffness  and  load  matrices  are  formed,  Equation  3.7  may  be  solved 
tor  the  node  point  displacements.  Then  Equation  3.9  may  be  solved  for  strains 
and  Equation  3.10  will  yield  the  stresses  in  each  element. 

3.3.2  Advantages  and  Limitations  of  Finite  Element  Analysis 

The  finite  element  method  has  numerous  advantages  as  compared  with  other 
numerical  techniques.  It  is  completely  general  as  regards  material  properties. 
Bodies  composed  of  different  materials  are  easily  specified.  Anisotropic  materials 
may  be  handled  bv  specifying  the  proper  coefficients  in  the  elasticity  matrix. 
Displacement  or  stress  boundary  conditions  may  be  specified  at  any  node  points. 
Errors  associated  with  the  assumed  linearity  of  the  displacement  fields  may 
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be  reduced  by  decreasing  the  sizes  of  elements.  Possibly  the  greatest  benefit 
from  using  the  method  stems  from  its  ability  to  handle  non-linear  materials. 

Duncan,  Monismith  and  Wilson  (23)  utilize  an  iterative  scheme,  in  which  the 
entire  surface  load  is  applied  in  one  step  and  the  modulus  for  each  iteration 
is  calculated  as  some  function  (depending  on  the  type  of  material)  of  the  state 
of  stress  calculated  from  the  previous  iteration.  The  process  continues  until 
the  calculated  moduli  for  successsive  iterations  differ  by  less  than  a  prescribed 
value.  Barksdale  (8)  developed  incremental  analytical  techniques  in  which 
the  material  stress  strain  curve  is  broken  into  a  series  of  tangent  sections. 

The  surface  load  is  applied  in  increments  and  each  material  modulus  is  determined 
from  the  slope  of  the  tangent  at  the  appropriate  stress  level. 

The  flexibility  of  the  finite  element  model  for  predicting  stresses  and 
displacements  within  pavement  structures  is  evident  from  test  results  published 
in  "Basic  Properties  of  Pavement  Components"  (49)  by  Monismith,  Hicks,  and 
Salam.  In  this  study  the  measured  results  of  plate  load  tests  on  a  prototype 
highway  flexible  pavement  were  compared  with  results  computed  by  the  following 
three  analytical  procedures; 

1.  An  iterative  multilayer  elastic  solution  in  which  the  modulus  was 
permitted  to  vary  with  depth;  constant  Poisson's  ratio  for  each  layer. 

2.  Incremental  finite  element  solution  which  permitted  horizontal  and 
vertical  variation  of  moduli;  constant  Poisson's  ratio  for  each  material. 

3.  Incremental  finite  element  solution  In  which  moduli  and  Poisson's 
ratio  were  specified  as  functions  of  stress. 

It  was  found  that  the  elastic  layered  solution  overestimated  resilient 
plate  deflections,  but  that  both  finite  clement  solutions  yielded  plate  deflections 
that  agreed  well  with  measured  values.  Overestimation  of  surface  deflections 
by  the  elastic-layered  solution  may  be  brought  about  by  two  factors.  The  first 
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is  the  assumed  infinite  depth  of  the  lower  layer.  Even  though  the  computed  strains 
at  great  depth  are  small,  when  summed  over  such  a  large  distance,  they  can 
lead  to  an  exaggerated  estimate  of  deflections.  The  second  factor  is  that  the 
load  was  assumed  to  be  applied  to  the  layered  system  through  a  flexible  plate, 
whereas  the  plate  configuration  in  a  finite  element  solution  may  be  specified 
as  part  of  the  problem  by  describing  the  geometry  and  material  parameters  of 
the  plate.  The  latter  procedure  appears  to  be  a  better  approximation  of  field 
loading  conditions.  However,  if  the  deflections  computed  by  the  clastic  layered 
solution  are  arbitrarily  reduced  by  about  20  per  cent  (as  has  been  noted  to 
be  a  reasonable  correction  for  a  flexible  plate  (49)  )  then  good  agreement 
among  all  three  solutions  results.  Figure  3.3  shows  measured  and  computed 
surface  deflections  for  8-  and  12-  inch  plates. 

The  same  study  compared  calculated  and  measured  values  of  Lhe  vertical 
stress  in  the  subgrade.  While  all  three  computer  solutions  gave  reasonably 
good  agreement  with  measured  values,  the  finite  element  technique  appears  to 
compare  more  lavorably  (Figure  3.4).  In  all  cases  the  finite  element  solution 
yielded  higher  values  lor  subgrade  stresses. 

limitations  associated  with  the  finite  element  model  are  primarily  related 
to  the  assumed  condition  of  axial  symmetry.  This  condition  restricts  the  use 
of  the  model  to  static  loads  on  systems  of  great  horizontal  extent.  Here  again 
is  a  solution  that  will  ’  ot  handle  loads  applied  along  a  pavement  edge.  In 
addition,  dynamic  effects  are  not  considered. 

Although  this  form  of  numerical  approximation  becomes  more  accurate  as 
the  size  of  each  element  la  reduced,  the  number  of  elements  involved  Increases 
with  an  accompanying  increase  in  the  amount  of  computer  storage  and  computation 
time  required.  Thus,  computer  coats  are  quite  large  as  compared  with  those 
Incurred  by  the  elastic  layered  model. 
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Figure  3.3 

Computed  and  Measured  Surface  Deflections  for  Three  Layer  System. 
Base  Partially  Saturated  (Fe  Pave  2  and  4  are  Finite  Element  Solutions! 
(After  Monismith,  et  al.  (49)! 
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A  Measured,  3"  below  Subgrade  • 
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(a)  8-Inch  Diameter  Plate  I 


Figure  3.4 

Computed  and  Measured  Vertical  Stress  in  Subgrade  for  Three 
Layer  System.  Plate  Load  at  Top  of  Surface.  Base  Partially  Saturated. 
(Fe  Pave  2  and  4  are  Finite  Element  Solutions)  (After  Monismith,  et 
al.  (49)) 
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A  further  limitation  of  this  method,  a  limitation  shared  by  any  model 
that  represents  granular  materials  as  an  elastic  continuum,  is  that  there  Is 
no  provision  for  slip  along  interparticle  surfaces  of  contact.  However,  at 
present  no  model  has  been  developed  which  can  be  readily  applied  to  pavement 
systems  and  which  incorporates  such  a  feature. 

It  is  felt  that  for  use  as  a  research  tool,  the  advantages  of  the  finite 
element  model  far  outweigh  its  disadvantages.  Hence,  an  incremental,  finite 
element  solution  was  selected  for  use  in  this  project.  The  following  section 
describes  this  model  and  the  pavement  sections  which  were  analyzed. 

3.4  Finite  Element  Analysis  of  Pavement  Sections 

The  pavement  structures  to  be  analyzed  were  idealized  as  cylinders  as 
shown  in  Figure  3.5*  Rectangular  elements  were  specified.  To  assure  the  compatibi¬ 
lity  of  displacements  (i.e.,  no  gaps  develop  in  the  deformed  structure),  linear 
displacement  fields  were  assumed  within  each  element.  Output  consisted  of 
radial  and  vertical  displacement  at  the  four  exterior  nodes  of  each  rectangle 
and  the  complete  state  of  stress  at  the  center  of  each  rectangle.  Input  to 
the  program  included  the  locations  of  vertical  and  horizontal  element  boundaries, 
surface  load  and  load  radius,  number  of  increments,  layer  thicknesses,  and 
material  properties.  Specified  material  properties  included  the  unit  weight, 
coefficient  of  earth  pressure  at  rest,  Poisson's  ratio,  and  resilient  modulus. 
Poisson's  ratio  is  input  as  a  constant  for  each  material,  but  the  resilient 
moduli  may  be  specified  in  a  number  of  ways: 

*  The  finite  element  model  used  in  this  study  was  developed  by  E.  L.  Wilson 
at  the  University  of  California  at  Berkeley  and  subsequently  modified  by  J. 

M.  Duncan,  also  at  California,  so  as  to  (a)  utilize  elements  bounded  by  horizontal 
and  vertical  lines,  (b)  handle  nonlinear  materials  and  (c)  apply  the  surface 
load  in  a  series  of  increments. 


Figure  3.6 

Finite  Element  Ideeli/etion  of  •  Cylinder 


1.  The  material  Ray  hr  considered  to  hr  linear  clastic,  with  a  constant 

modulus. 

2.  for  ratcrUI*  with  ter.pcrature-depenUrnt  moduli,  values  of  tempera¬ 
ture  and  i hr  associated  modulus  nav  hr  itput  for  varlca*  points.  Ihr  progiar 
Interpolates  lor  tlir  modulus  between  the  specified  points. 

1.  the  modulus  may  hr  Input  .is  a  function  ol  the  con!  I  tilin'  pressure: 

'!  •  c  •  2 

r  II  (3.14) 

The  modulus  suv  he  defined  as  a  function  of  principal  stresv  difference: 

\  ’  *2  ‘  K)  ,K|  *  ('l  *  V1  K1  *  (  l  '  V  (3.13a) 

"r  *  \*  *  K4  ,('l  '  V  "  'V  Ki  (1|  *  V  (3.15b) 

This  model  is  shown  in  1  tgurw  ).n.  In  this  analysis  asphalt  rotnnto 
la\*rs  were  sped  I  led  bv  material  2,  granular  layers  hv  salt  rial  3,  suhgrade 
iavers  bv  material  4,  and  1 iee-stabl  1 1  zed  layers  bv  raterlal  type  1. 

Three  pavervnt  structural  sections  were  analyzed:  »  runvav  section,  a 
ill gitwav  section,  and  an  "Inverted"  section  similar  to  the  highvav  section  except 
th.  t  the  Mubhase  was  replacet  l»y  a  10* Inch  thief  layer  ol  stabilized  suhgrade. 

The  dimers  ons  of  the  runway  section  were  slrtllar  to  those  of  a  pavement  ust 
section  at  the  I'.  S.  Army  Waterways  f.xperlnent  Station,  Reference  (1).  The 
dimensions  of  the  highway  section  were  derived  bv  means  of  the  Asphalt  Institute 
design  method  (Reference  68).  The  subgrade  CBP  for  each  section  was  assumed  to 
be  about  4.0.  The  three  cross  sections  are  shown  in  ligure  3.7.  The  dimensions 
and  material  properties  of  each  are  summarized  In  Tabic  1.1.  Ihe  material 
parameters  were  selected  as  being  average  values  reported  in  the  literature 
for  similar  type  materials. 

The  applied  load  Is  divided  into  a  number  of  equal  increments,  j  for  litis 


Figure  3  8 

Drttnbution  of  Ver  pea*  °  f  and  Varo  Principal  ( O  j  |  Strecun 
One  Inch  Beknv  Bate  Alpha'  Concrete  Interface  m  Bunwav  Section 


tribution  ol  Vertical  (®/l  and  Mator  Principal  (<*> )  Slmtn  at 
iter  of  Subbate  m  Hohway  Section 
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portion  of  the  study.  Before  the  first  increment  is  applied,  grsvity  stresses 
■ire  . ocputed  for  esch  element  from  the  specified  unit  weights,  coefficients 
of  earth  pressure  st  rest,  end  the  depth  below  the  surf  see  of  each  elerent. 

The  (.opponent  of  Cj  due  to  gravity  stress  was  included  in  each  calculation 
of  the  codull  of  the  granular  naterlals.  However,  for  the  sukgrade  material 
only  the  load-induced  stress  difference  (3j  -  r^)  was  used  to  calculate  the 
codull,  fo  calculate  the  eodull  of  the  stress  dependent  cater  la  1  (granular 
layers  and  subgrade)  for  the  initial  load  lncrenent,  an  Initial  stress  distri¬ 
bution  was  approximated  by  ceane  of  a  one-to-one  load  spread  concept.  Pro* 
this  stress  distribution  and  the  gravity  stresses  (where  applicable),  initial 
codull  were  computed  and  the  stiffness  matrix  was  forced.  Displacements  and 
stresses  resulting  from  the  first  increment  were  then  calculated.  Iron  these 
stresses,  new  codull  were  computed  end  the  process  was  repeated.  Pinal  values 
of  stresses  and  displacements  were  arrived  at  In  this  step-bv-step  manner. 

3.5  Comparison  of  Stress  Pulses 

For  all  three  sections  the  shapes  of  the  stress  distributions  appeared  to 
be  related  to  depth  within  the  section.  The  major  principal  stress  pulse  and 
vertical  stress  pulse,  while  generally  of  sinusoidal  shape,  were  more  sharply 
peaked  In  the  upper  part  of  the  base  course,  with  shallower  slopes  In  the  lower 
base  and  aubbase.  Since  principal  atresses  are  everywhere  greater  than  vertical 
stresses,  except  directly  under  the  center  of  the  load,  where  they  are  equal, 
the  major  principal  stress  pulse  would  therefore  be  of  somewhat  1. nger  duration 
than  the  vertical  stress  pulse.  This  difference  increases  with  depth.  The 
same  trends  were  reported  by  Barksdale  (9).  Figures  3.8  through  3.10  are  typical 
of  the  results  derived  from  all  three  sections. 

Transformation  of  these  spatially  distributed  stress  pulses  to  time- 
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distributed  pulses  Is  e  staple  Better  of  dividing  the  width  of  the  pulse  by 
vehicle  speed.  In  addition,  cnpirlcsl  corrections  for  inertia  end  viscous 
effects  have  been  derived  fro*  AASHn  Road  Test  results  (32).  On  the  basis 
of  those  corrections,  Barksdale  (9)  applied  correction  factors  of  1.11,  1.13, 
and  1.14  to  the  pulse  durations  deternined  by  elastic  analysis  to  obtain  pulse 
durations  corresponding  to  vehicle  speeds  of  15,  30,  and  45  rph  respectively. 
However,  for  the  purposes  of  this  study  no  such  corrections  were  applied  since 
the  granular  materials  tested  by  Hicks  displsyed  little  or  no  change  in  behavior 
as  load  durations  varied.  As  reported  in  Chapter  5,  the  response  of  naterlals 
tested  in  this  study  was  also  negligibly  affected  by  changes  in  lcjd  duration. 

Radial  and  minor  principal  stress  pulses  were  similar  in  shape  for  the 
runway  and  highway  sections.  These  pulse  shapes,  too,  appeared  to  be  related 
to  depth  within  the  systen.  In  the  upper  portions  of  the  base,  these  pulses 
were  norc  or  less  flat-topped,  although  in  the  extreme  upper  portion  of  the 
base  the  stresses  were  slightly  less  dlrectlv  under  the  renter  of  the  load 
than  at  a  slight  radial  offset.  Roth  types  of  pulse  became  more  sinusoidal 
as  the  depth  increased.  Figures  3.11  and  3.12  represent  typical  horizontal  stress 
distributions  for  the  runway  and  highway  sections. 

Analysis  of  the  Inverted  section  revealed  significant  changes  it*  stress 
distributions.  Although  the  vertical  and  major  principal  stress  pulses  were 
of  the  same  shape  as  those  for  the  highway  section,  their  magnitudes  were  greater 
throughout  the  granular  layer.  Figure  3.13  compares  vertical  stresses  one 
inch  below  the  base-asphalt  concrete  Interface.  It  is  Important  to  note  that  tiie 
inclusion  of  the  stiffer  layer  beneath  the  base  almost  doubled  the  vertical 
stress  beneath  the  center  of  the  load  at  this  point.  The  same  effect  was  found 


throughout  the  base. 
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Figure  3.13 

Comparison  of  Vertical  Stresses  One  Inch 
Base  Course  Interface  in  Highway  and  Inv 


in  Highway  and  Inverted  Sections 
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More  significant  was  the  drastic  increase  in  the  radial  and  minor  principal 
stresses  throughout  the  granular  layer  of  the  inverted  section.  The  reduction 
in  confining  pressure  beneath  the  center  of  the  load  was  completely  eliminated 
with  a  resulting  sinusoidal  pulse  shape.  The  magnitude  of  the  minor  principal 
stress  pulse  directly  under  the  load  increased  by  500  to  800  percent.  Figure 
3.14  compares  the  distribution  of  minor  principal  stresses  for  the  highway 
and  inverted  sections. 

It  is  evident  from  Figures  3.8  through  3.14  that  a  half-sinusoid  is  the 
most  general  shape  of  all  the  stress  distributions.  For  this  reason  and  because 
most  standard  laboratory  function  generators,  in  combination  with  hydraulic 
testing  equipment,  have  the  capability  of  applying  such  a  pulse  shape,  the 
half  sinusoid  was  selected  as  the  basic  pulse  shape  for  use  in  this  study. 

Simulation  of  states  of  stress  at  various  depths  within  the  granular  layer 
could  be  accomplished  by  varying  the  pulse  duration  and  magnitude.  This  was 
done,  and  the  testing  procedures  and  results  are  presented  in  subsequent  chapters. 

In  the  following  section,  the  response  of  the  three  pavement  sections 
is  discussed,  with  an  emphasis  on  the  significance  of  the  stress-dependent 
material  parameters. 

3.6  Implications  of  Stress-Dependent  Properties  for  Pavement  Performance 

The  most  obvious  conclusion  to  be  reached  from  the  literature  survey  concern¬ 
ing  the  stress-dependent  resilient  modulus  is  that,  for  an  increase  in  or 
the  first  invariant,  an  increase  in  the  modulus  results.  Since  an  increased 
modulus  yields  decreased  strains,  it  might  be  assumed  that  any  arrangement 
of  pavement  components  that  causes  higher  confining  stresses  in  the  granular 

( 

layers  will  result  in  lower  surface  deflections  and  longer  pavement  serviceability. 

The  effects  of  deflections  on  pavement  performance  have  been  recognized.  Zufoe 


and  Forsyth  (76)  and  (77)  ,  discuss  the  importance  of  prediction  of  resilient 
deflections  and  limiting  criteria  for  deflections.  Lister  (45)  presented  deflection 
criteria  for  flexible  pavements  and  discussed  a  method  by  which  such  criteria 
could  be  used  to  estimate  future  pavement  performance. 

Analysis  the  inverted  section  revealed  that  the  stress  dependent  proper¬ 
ties  of  granular  layers  may  be  exploited  to  the  designer's  advantage  by  utilizing 
a  stiffer  stabilized  layer  below  the  granular  materia’’  thereby  increasing 
the  confining  pressure  in  the  base  course,  increasing  its  modulus,  and  reducing 
surface  deflections. 

In  the  preliminary  analysis  of  a  proposed  flexible  pavement  design  three 
factors  have  been  studied  as  quantitative  indicators  of  the  performance  of  the  pro¬ 
posed  structural  section:  (1)  vertical  stress  on  the  subgrade,  (2)  surface 
deflection,  and  (3)  horizontal  strains  at  the  bottom  of  the  asphalt  concrete 
layer.  Combinations  of  these  factors  have  often  been  used  in  pavement  analyses 
(Monism! th,  et  al.  ,  49).  In  a  sensitivity  analysis  Smith  and  Nair  (64)  utilized 
the  fatigue  failure  characteristics  of  asphalt  concrete  developed  by  Monismith, 
et  al.,  at  the  University  of  California  at  Berkeley,  relating  fatigue  life  to 
tensile  strain  in  the  asphalt  concrete  layer.  Therefore,  it  is  felt  that  the 
beneficial  aspects  of  the  stiffer  stabilized  layer  and  greater  base-course 
modulus  in  the  Inverted  section  can  best  be  studied  by  compare. the  variations 
in  these  three  parameters. 

Figure  3.15  compares  vertical  stresses  plotted  as  a  function  of  depth 
for  the  highway  and  inverted  sections.  These  stresses  are  computed  at  a  0.75 
inch  radial  displacement  from  the  centerline  of  the  load  because  the  finite 
element  solution  yields  stresses  at  the  centers  of  elements.  The  load-spreading 
effects  of  the  stabilized  layer  result  in  a  13  per  cent  reduction  in  vertical 
stress  at  the  top  of  the  subgrade.  This  reduction  in  vert.  Iial  stress  combines 
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Radial  'Horizontal)  Microstrain  Distribution  with  Depth 
in  Asphalt  Concrete  Laver  of  Highway  and  Inverted  Sections 
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with  the  resulting  slight  increase  in  subgrade  modulus  to  decrease  the  vertical 
deflection  at  the  top  of  the  subgrade  by  about  20  per  cent  (Figure  3.1b). 

Vertical  deflections  versus  depth  for  the  two  sections  are  compared  in 
Figure  3.16.  The  net  effect  of  the  stabilized  layer  is  to  reduce  the  maximum 
surface  deflection  by  about  43  per  cent.  Although  the  deflection  within  the 
subgrade  decreased  from  0.0077  inch  to  0.0061  inch,  the  greatest  effects  were 
noticed  in  the  granular  layers.  The  0.0134  inch  deflection  contributed  by 
the  granular  layers  in  the  highway  section  reduced  to  0.0059  inch  for  the  stabilized 
and  granular  layers  in  the  inverted  sections.  Two  factors  account  for  this  drastic 
reduction.  Replacement  of  the  gravel  subbase  by  the  stabilized  layer  provided  a 
reduction  of  0.0059  inch  in  subbase  deflection.  In  addition,  despite  the  100 
per  cent  increase  in  vertical  stresses  within  the  granular  base,  the  effect  of 
the  drastic  increase  in  u_  and  in  the  resilient  modulus  was  a  reduction  in 
vertical  deflection  within  the  layer  of  0.0018  inch,  a  decrease  of  28  per  cent. 

Also  ol  interest  regarding  surface  deflection  was  its  nearly  linear 
relationship  with  surtace  load.  Figures  3.17,  3.18,  and  3.19  show  that,  despite 
the  nonlinear  material  properties,  the  loa'-def lection  cuive  is  nearly  linear 
for  all  three  sections.  A  similar  relationship  was  reported  l>y  Deltlen  for 
a  full  depth  asphalt  pavement ( 18) . 

The  stabilized  layer  in  t lie  inverted  section  also  accounted  for  a  35 
per  rent  reduction  in  maximum  tensile  strain  In  the  asphalt  layer  as  compared 
to  the  higiivay  section,  t'.idial  strains  within  the  asphalt  concrete  layer  are 
compared  lor  the  two  sections  in  i igure  1.20. 

The  henrl Irlal  influence  of  the  stabilized  layer  in  the  inverted  section 
is  also  evident  if  plastic  strains,  or  ruttliiK  are  considered,  in  the  basis  ( 

ol  a  hyperbolic  stress-strain  law  proposed  bv  Fond nor,  et  (41),  and  extended 

by  l*unratt  and  Mian#  (21),  Karksdal*  (It))  presented  a  re thou  ol  predicting?  plan  (« 
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strains  in  a  pavement  section  based  on  data  developed  from  laboratory  repeated- 
load  triaxial  tests.  He  showed  that,  after  100,000  load  repetitions,  plastic 
axial  strains  were  related  to  confining  pressure  and  deviator  stress  by  the 


following  expression: 

(o:  -  o3)/(K  o3n) 

ba  ”  (  (o:  -  a3)  Rf 

1  _  ,  2(C  •  Cos  0  +  03  sin  0) 
(1  -  sin  0) 


(3.23) 


where,  =  permanent  axial  strain 
K  o/  **  initial  tangent  modulus 
C,  0  =  Coulomb  shear  strength  parameters 

Rj,  *  constant  relating  compressive  strength  to  asymptotic  stress  difference 


Details  of  the  method  used  to  compute  the  constants  in  Equation  3.23  are  described 
by  Duncan  and  Chang  (21)  and  the  procedure  whereby  this  hyperbolic  law  is  used 
to  predict  rut  depth  in  a  pavement  is  detailed  by  Barksdale  (10).  Of  interest 
here  is  the  importance  of  the  variables  c<3  and  -  o^.  The  decrease  in  deviator 
stress  and  increase  in  confining  pressure  within  the  granular  base  course  occasioned 
by  the  underlying  stiffer  layer  would  greatly  reduce  permanent  vertical  strains 
within  the  laver.  Because  Equation  3.23  has  been  applied  to  fine-grained  as 
well  as  granular  materials,  it  can  be  inferred  that  the  decrease  In  deviator 
stress  in  the  subgrade  of  the  inverted  section  would  indicate  smaller  plastic 
strains  and,  hence,  reduced  rutting. 

Also  of  inportance  in  the  study  of  paveaent  performance  is  the  behavior 
ol  unstabi 11  red  granular  layers  when  subjected  to  lateral  tensile  stresses. 

Such  a  situation  normally  exist*  at  the  bottom  of  the  granular  layer,  but  It 
rjn  also  be  observed  near  the  base-asphalt  interfare  when  the  modulus  of  the 

e 

asphalt  concrete  i*  very  low.  human,  Ponlsitlth,  and  klUon  (23)  found  In 
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their  analysis  of  a  flexible  pavement  simulating  summer  conditions  (i.e.,  high 
temperatures  and  low  asphalt  concrete  stiffness  modulus)  that  the  portion  of  the 
base  directly  under  the  load  was  subjected  to  zer<  or  tensile  radial  stresses. 
Most  likely  this  behavior  is  caused  by  the  large  tensile  strains  In  the  underside 
of  the  asphalt.  However,  for  winter  conditions  (i.e.,  lower  surrace  temperature 
and  greater  asphalt  concrete  stiffness  modulus)  this  phenomenon  did  not  develop. 

Cognizant  of  the  anisotropic  nature  of  granular  materials,  Barksdale's 
(9)  approach  to  the  problem  involved  specifying  an  angle  of  shearing  resistance, 
for  the  base  course.  He  reasoned  that  the  material  could  withstand  a  certain 
amount  of  lateral  tension  before  slip  would  occur  because  the  tensile  stresses 
would  be  resisted  by  a  frictional  stress  equal  to  the  product  of  the  vertical 
'-ompresslve  stress  and  the  coefficient  of  friction,  tan  0.  Accordingly,  for 
the  case  where  tensile  stresses  were  present  but  of  smaller  magnitude  than 
the  potential  maximum  frictional  stresses,  he  specified  constant  values  of 
vertical  and  horizontal  moduli.  He  suggested  values  of  10,000  psi  and  8,000 
psl,  respectively.  For  the  case  where  slip  did  occur,  he  used  a  vertical  noduiu* 
of  6,000  psl  and  a  horizontal  modulus  of  600  psl.  It  is  (elt  that  ouct  «  lip 
occurs  the  passive  earth  pressures  built  up  in  the  material  at  greater  radial 
dietanres  would  increase  the  horizontal  modulus  and  render  these  latter  values 
c cnaarv.it ive.  Such  an  approach,  at  least,  is  e  step  in  the  right  direction 
in  that  It  considers  the  anisotropic  nature  of  the  material,  which  has  been 
iocunented  by  Kocre,  Britton,  end  Schrivner  (Sl)and  which  was  observed  during 
*his  study,  as  reported  In  Chapter  S. 

The  finite  elements  solution  used  In  this  study  sets  a  lower  limit  to 
the  resilient  modulus  of  the  granular  material.  The  input  was  specified  In 
such  a  way  that,  whenever  ^  was  less  than  0.1  psi  or  tensile,  the  rsxlulu* 
was  calculated  from  <Jj  *  0.1  psl.  It  Is  felt  that  this  lower  Unit  was  not 


unconservatlve  since  there  are  Indications  that  the  rod ulus  of  unstahlllzcd 
granular  materials  in  the  unconfined  condition  may  exceed  5,of*0  p* i .  Cray 
( J 8)  presented  results  of  static  triaxial  compression  tests  on  granular  materials. 
The  data  collected  for  materials  tested  in  the  unconftned  condition  suggest 
that  a  modulus  of  5,000  psi  or  more  Is  an  entirely  reasonable  assumption. 

of  significance  here  1m  the  fact  that  the  suffer  underlying  laver  in 
the  inverted  section  completely  eliminated  the  tendenrv  for  the  base  course 
to  go  into  tension,  and  thus  the  modulus  of  the  material  directly  under  the 
renter  of  the  load  never  reached  the  lover  limit. 

In  summary,  the  finite  elements  solution  technique  as  applied  to  payment 
analysis  is  advantageous  in  that  pavement  components  nay  be  more  realistically 
characterized.  This  fact  cakes  possible  a  more  thorough  evaluation  ol  the 
beneficial  aspects  derived  from  varying  the  layered  coni igurat don  of  flexible 
pavement  systems  so  as  to  exploit  the  stress-dependent  proper! lea  ol  pavreent 
components. 

Tor  these  reasons  the  finite  elements  solution  was  used  In  tlie  sensitlvllv 
analysis  in  chapter  6.  In  this  analysis  the  predictive  equations  for  the  resilient 
modulus  and  Poisson's  ratio  of  granular  lave*-*  were  varied  and  the  ensuing 
effects  on  various  Indicators  of  pavement  /rrforranc*  vere  observed. 
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Chapter  4 

WBORATORY  TESTING  I’POCRAM 


4.1  Description  of  Mnterlals 

Three  material*  were  tented  during  thin  study,  a  well-graded  crushed  limestone 
obtained  from  a  quarry  about  30  miles  south  of  champaign,  Illinois,  a  well- 
graded  siliceous  gravel  obtained  at  Mahomet,  Illinois,  and  a  blend  of  the  gravel 
and  limestone.  The  blend  was  obtained  by  adding  equal  percentages  of  the  crushed 
stone  and  gravel  retained  on  the  nurthrr  4  sieve  to  the  gravel  naterial  passing 
the  rumber  4.  All  three  materials  met  CA-6  gradation  lequlremente  as  specified 
by  the  Illinois  Department  of  Transportation  (Figure  4.1).  All  specimens  were 
prepared  from  this  one  gradation. 

Atterberg  l.imits  Tests  (ASTM  1)424-59,  ASTM  1)421-66)  w*  re  performed  on 
the  minus  number  40  portions  of  each  material.  The  results  are  presented  in 
Table  4.1,  as  are  the  specific  gravity  data  (ASTM  DR54-58)  for  each  material. 

As  v  cm  Id  be  expected,  the  crushed  atone  fines  hod  the  lower  plasticity  index, 

3,  as  opposed  to  a  plasticity  index  of  9  for  the  gravel  fines. 


Table  4.1 

Atterberg  Units  and  Specific  Gravity 


Material 

Liquid  Limit 

Clastic  Limit 

Plasticity 

Index 

Specific 

(ravity 

Crushed 

19 

14 

5 

2.63 

Limestone 

Gravel 

25 

16 

9 

2.64 

Specimen  Gradation  and  Gradation  Banda  fo-  CA-6  A*nre*ate 
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compaction  control  tests  were  run  on  the  crushed  stone  and  gravel  in  accordance 
with  AST*?  1X>*>8— #>*>T  and  ASTM  I)  1557-66T.  The  results  arc  presented  in  figures 

4.2  and  4.3.  lor  the  ASTM  I »«> ‘1 8  test  the  maximum  dry  density  lor  'he  crushed 
stone  was  09.5  of  that  obtained  for  the  gravel.  The  optin',  n  moisture  content 
for  the  crushed  stone  was  onlv  slightly  greater  than  that  for  the  gravel. 

The  results  for  the  AS1*1  1)1557  lest  also  show  onlv  slight  differences  in  maximum 
dry  density  and  optimum  moisture  for  the  twu  materials.  Again,  the  maxirum 
dry  density  for  the  crushed  stone  was  about  99.5  of  that  for  the  gravel, 
because  of  this  similarity  in  compaction  characteristics,  the  compaction  control 
tests  were  not  performed  on  the  blend  material. 

The  overall  purpose  oi  this  study  was  to  observe  the  behavior  of  granular 
materials  in  conditions  closelv  approximating  those  lound  In  In-service  pavements, 
because  the  ASTM  compaction  tests  referred  to  above  have  been  widely  used  ns 
compaction  standards  In  the  field,  it  waa  decided  to  test  each  material  tt 
three  levels  of  denalty  determined  from  these  tests.  Two  of  these  density 
levels  and  the  associated  water  contents  were  chosen  from  the  peaks  ol  the 
moisture-density  curve  for  each  type  of  test  and  the  third  level  was  chosen 
ns  a  density  and  moisture  content  about  hallway  between  the  peaks. 

In  summary,  three  types  of  materials  at  each  ol  tluee  density  levels  were 
tested  In  the  repeated  load  triaxial  test  apparatus,  wtierebv  the  effects  of 
density  and  material  type  on  the  resilient  characteristics  of  the  specimens 
could  be  ascertained.  These  material  character  1st  it  s  are  sumarixed  in  table 

4.2 


4.2  Specimen  Preparation 

All  specimens  were  h  incites  In  diameter  and  12  inches  In  height.  The 
larger  diameter  was  chosen  no  that  the  full  range  oi  aggregate  aire  could  he 
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used  (maximum.  particle  size  for  CA-6  is  in  excess  of  1.0  inch).  The  standard 
2 :  1  height  to  diameter  ratio  was  necessary  in  order  to  minimize  the  end  effects 
on  deformations  measured  at  the  center  of  each  specimen  (22) 09). 


Table  4.2 
Test  Specimens 


!  Specimen 

Material 

Tensity,  lb/ft^  7  Moisture 

Saturat ion 

HIM 

(rushed  Stone 

138.0  High 

3.7 

78 

”!M 

Crushed  Stone 

134.0  Intermediate 

(».) 

7) 

I.IM 

Crushed  Stone 

1)0.0  l.ow 

7.0 

70 

HIM 

Gravel 

139.4  High 

(».  3 

82 

"l»-2 

Gravel 

134.0  Intermediate 

(..3 

74 

l.l>-2 

Gravel 

131.0  l.oi’ 

h.7 

09 

HIM 

Blend 

130.3  High 

0.3 

88 

•f*>—  3 

Blend 

134.3  Intermediati 

h.fi 

78 

III-) 

blend 

1)1.0  low 

7.2 

74 

All  specimens  were  prepared  directly  on  the  chamber  base  plate  by  drop- 
hammer  crmpaction  In  a  A  x  12  Inch  split  mold  which  Attached  to  the  base  plate 
by  tie  rods  and  wing  nuts.  The  hammer  had  a  2.0  inch  diameter  striking  face, 
a  weight  of  10  pounds,  and  a  tail  of  IK  Inches.  Specified  densities  were  attained 
by  varying  tiie  number  of  layers  per  specimen  and  ihe  number  of  blows  per  layer. 

The  compaction  equipment  is  pi  tured  in  figure  4.4.  it  should  be  noted  that 
the  ports  on  either  side  of  the  mold  were  necetisarv  so  that  a  rubber  membrane 
could  be  placed  in  the  mold  prior  to  compaction.  A  vacuum  was  applied  throegh 
the  ports,  which  held  the  membrane  tightly  against  the  inside  of  the  mold; 
thereby  preventing  the  membrane  from  being  pinched  into  the  specimen,  \fter 
compaction  the  mold  was  removed,  a  thin  film  of  silicone  grease  placed  over 
the  inevitable  punctures  In  the  membrane,  and  a  second  membrane  dropped  Into 
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plait'  by  means  ot  the  membrane  jacket.  Tlie  double  membrane  thickness  was  deemed 
necessary  to  prevent  leakage  and  to  maintain  a  stable  moisture  regime  during 
the  course  of  the  test.  The  efficiency  of  the  double  membrane  is  verified 
by  tht  fact  that  noisturt  contents  determined  for  each  specimen  after  testing 
differed  by  less  than  0.3  to  0.6  percent  from  tht  original  values. 

)eti  rni nat Ion  of  the  number  of  layers  and  blows  per  layer  necessary  to 
i  quirt  a  given  specimen  density  was  predicated  on  the  compaction  energy  per 
inch  o;  sped  m  height  delivered  In  the  compaction  control  test.  I  he  compaction 
energy  was  computed  .is  the  product  of  the  weight  d  the  hammer  and  I  lit  height 
of  fall  divided  hy  the  la,er  thickness.  Ihen  the  total  energy  input  lor  the 
l.’-lrch  high  test  specimens  was  computed,  the  number  of  layers  selected,  the 
ei'.ergv  per  layer  computed,  and  the  number  of  blows  per  layer  determined  as 
t he  <;unl lent  of  the  compaction  eneigy  for  the  layer  and  the  energy  per  blow 
( In- 11'  banner  x  18-Inch  drop  •  180  inch  pounds).  Willi  these  I  i gules  as  starting 
points,  several  specimens  were  prepared  in  which  the  numbers  of  blows  per  layer 
and  n  irl.er  of  layers  were  varied.  These  tests  revealed  that  preparing  the 
high  diislty  sped mens  in  3  layers  with  90  blows  per  layer  would  vleld  densities 
very  <  lose  to  the  maximum  dry  dons! tv  obtained  Iron  the  AS1**  111  1 37  method, 
flu  low  d«nsity  specimens  were  compacted  In  4  lavers  with  40  blows  per  lavei , 
a  process  which  produced  densities  closelv  approxln.it  I np  tin*  nuxlinim  drv  density 
f ror  the  AST*'  Ihi08  method,  furthermore,  specimens  compacted  In  4  layers  with 
60  to  63  blows  per  layer  yielded  the  Intermediate  level  of  density  shown  in 
Table  4.2. 

1-irly  in  the  program  there  was  concern  that  *  he  drop  banner  method  »»l 
ccspactlon  night  cause  unacceptable  particle  degradation.  Oradation  analysis 
of  the  specimens  after  testing  In  the  trlaxlal  apparatus  Indicated  that  onlv 
Insignificant  changes  In  aggregate  grading  had  occurred.  I  igurc  '..5  sltovs 
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Figure  4.5 

Final  Gradation  of  Crushed  Stone  Specimens  if ter  Testing 
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the  final  grain  size  distribution  for  the  crushed  stone  specimens  and  the  gradation 
hands  for  CA-6  aggregate. 

4 . 3  Testing  equipment  and  Instrunentat ion 

4.3.1  Testing  Equipment 

The  laboratory  investigation  portion  of  this  studv  was  conducted  at  the 
l.  S.  Army,  Corps  of  Engineers,  construction  Kngineering  Research  laboratory 
(I'SACKKI.)  at  Champaign,  Illinois.  The  unique  aspect  of  this  study  (i.e.,  the 
requirement  that  t he  triaxial  chamber  confining  pressure  be  varied  simultaneously 
with  the  axial  load)  was  satisfied  by  a  closed-loop  testing  system  built  by 
-*ns  Systems  corporation  and  shown  schematically  In  the  block  diagram  of  Figure 
4.f>.  The  axial  stress  was  applied  to  the  specimen  through  a  hvdraulic-cctuated 
piston.  1  ho  chamber  pressure  van  varied  by  means  of  a  hydraul ic-acluated  platon 
which  reacted  directly  on  the  chamber  fluid,  water  in  thia  case.  I'rogram  input 
was  provided  hy  two  function  generators,  one  connected  lo  the  axial  load  controller 
and  the  other  connected  to  the  confining  pressure  controller.  It  was  necessarv 
lo  use  two  function  generators  to  allow  tor  a  slight  delay  in  the  confining 
pressure  pulse  which  was  caused  bv  compress ibl li tv  of  the  chamber  fluid  and 
frlttion  loss  in  the  line  connecting  the  chamber  and  the  chamber  pressure  supply. 
This  procedure  made  it  possible  to  apply  lateral  and  axial  stress  pulses  to 
the  specimen  simultaneously . 

4.3.2  Instrumentation 

The  axial  load  was  monitored  by  a  load  cell  mounted  on  the  test  franc 
above  the  triaxial  chamber.  Tli«*  maxinun  capacity  for  the  loud  cell  was  2,000 
pounds.  Chamber  pressure  was  monitored  by  a  100  psl  maximum  pressure  transducer 
Installed  at  the  base  of  the  chamber.  Axial  deformation  was  measured  by  two 
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Physitech  optical  trackers.  Targets  for  the  trackers  consisted  of  two  one 
and  one-half  inch  long  strips  of  tape,  one  black  and  one  white,  mounted  next 
to  each  other  to  provide  a  contrast  for  the  tracker  to  sense.  One  target  was 
three  inches  below  the  top  of  the  specimen  and  the  other  was  three  inches  above 
the  bottom.  Thus,  axial  deformations  were  measured  over  the  central  half  of 
the  specimen.  The  tape  targets  were  held  to  the  outer  membrane  by  rubber  cement. 

It  was  observed  that  the  membrane  was  firmly  molded  to  the  specimen  surface 
by  the  chamber  pressure;  so  little  or  no  error  was  induced  in  the  observed 
displacements  by  mounting  the  targets  on  the  membrane.  This  method  also  had 
the  advantage  of  eliminating  any  local  stiffening  effects  that  might  be  brought 
about  by  rigid  LVDT  mounts,  as  discussed  by  Barksdale  and  Hicks  (11). 

Radial  deformation  was  measured  b/  Bison  sensors  (4-inch  diameter,  disk¬ 
shaped  coils  of  wire)  which  were  mounted  at  specimen  mid-height  and  held  in 
place  by  a  two-inch  wide  rubber  strips  cut  from  a  triaxial  membrane.  The  separation 
of  the  sensors  affects  the  electro-magnetic  coupling  between  them.  A  change 
in  the  sensor  spacing  results  in  a  bridge  unbalance;  so  an  inductance  bridge 
may  be  used  to  obtain  output  voltage  as  a  function  of  displacement.  Moisture 
and  temperature  effects  are  negligible  provided  the  sensor  leads  are  waterproofed. 
In  addition,  the  effects  of  nearby  metal  objects  can  be  accounted  for  by  proper 
calibration  procedures. 

A  dial  gage  mounted  on  top  of  the  triaxial  chamber  and  an  LVDT  on  the 
actuator  of  the  test  frame  were  used  to  monitor  non-recoverable  deformations 
and  provided  a  backup  system  for  obtaining  resilient  strain  data.  All  stress 
and  deformation  data  were  recorded  on  a  Varian  8-track  oscillograph  printer. 

Figure  4.7  is  a  sample  of  typical  output. 
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4.3.3  TUiMil. 

Certain  requirements  of  this  study  necessitated  the  fabrication  of  a  special 
cylindrical  triaxial  test  charher.  The  optical  tracker  required  that  the  cylinder 
be  r,»de  of  lear  plexiglass  so  that  the  targets  could  he  vleved  unobstructed. 

A  port  va.  placed  on  the  base  plate  lor  attach~ent  of  the  chamber  pressure 
transducer.  Tvo  large  ports  were  placed  on  the  upper  plate  of  the  chamber. 

The  first  act oerodaleu  the  1.1  inch  diameter  chamber  pressure  line,  and  the 
second  was  fitted  with  a  herretic  seal  to  allow  egress  of  the  two  Bison  sensor 
cables .  I igures  4.B  and  4.9  show  the  triaxial  chamber,  specimen,  and  instrumenta¬ 
tion  . 

4.4  n».t  Sequence 

4.4  1  Preliminary  Tests 

Hicks  (31)  reported  that  the  resilient  stress-strain  characteristics  of 
granular  material*  were  virtually  the  sane  after  SO  to  100  load  repetitions 
as  after  25,000  repetitions,  lie  also  found  that  different  stress  levrls  could 
be  applied  In  any  sequence  without  significantly  affecting  the  results  and 
tint  there  was  little  or  no  effect  of  load  duration  for  pulse  times  between 
0.10  and  0.25  seconds.  To  verify  these  results  for  the  variable  confining 
pressure  condition  it  was  necessary  to  perform  a  series  of  preliminary  tests 
on  the  rushed  stone  and  gravel  specimens. 

Specimens  of  each  material  were  subjected  to  10,000  stress  repetitions 
nt  each  of  two  stress  levels.  Stress  duration  was  0.15  seconds.  The  purpose 
of  these  tests  was  to  determine  if  the  resilient  response  would  undergo  significant 
changes  ns  the  number  of  stress  repetitions  increased.  Test  results  indicated 
that  the  response  measured  after  10  to  20  stress  repetitions  was  representative 
of  the  response  after  several  thousand  repetitions,  provided  the  specimen  had 


Figure  4.8 

Triaxial  Chamber,  Specimen,  and  Instrumentation 


Figure  4.9 

Close-up  View  of  Specimen  in  Triaxial  Chamber 
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been  conditioned  for  approxiRAtely  1,000  repetition*  to  Hlnlnatc  anv  seating 
problem.*  be tween  the  load  platen*  and  the  apecieen. 

» he  effect*  of  stress  duration  were  invest  (gated  hv  subjecting  specimens 
of  each  material  to  100  stress  repetition*  earli  at  pulse  durations  varying 
iron  0.10  second  to  1.0  second  for  the  variable  confining.  pressure  condition 
and  durations  varying  froe  0.04  second  to  1.0  second  with  constant  confining 
pressure,  it  was  found  that  the  test  equlpnent  was  unable  to  rycl«  the  (.unfitting 
pressure  In  pulses  shorter  than  about  0.10  second,  and  the  oplimu  pulse  t  i  -  * 
was  about  0.15  second  for  the  range  of  confining  pressures  used  in  m<  primary 
tests.  However,  botli  types  of  tests  yielded  dntn  that  shoved  the  ft  llhnt 
response  to  be  virtually  constant  for  ill  pulse  times  utilized. 

Because  various  levels  of  confining  pressure  and  axial  stress  were  to 
be  applied  to  the  specimens  during  the  primary  test  phase,  It  was  deemed  necessary 
to  determine  whether  the  order  in  which  the  stresses  were  applied  would  significantly 
affect  the  results.  To  do  this,  a  stress  sequence  test  was  accomplished  In 
which  100  repetitions  each  of  various  stress  levels  were  applied  in  increasing 
and  decreasing  sequences.  In  each  case,  the  axlnl  stress  was  maintained  at 
one  level,  and  the  peak  value  of  o.  was  changed  to  give  different  stress  ratios, 
lor  example.  In  the  increasing  sequence  the  first  stress  level  was  -  7  psi 
and  .  28  psi.  The  next  level  was  0^-4  psi  and  0j  ■  28  psi.  Then  the 
specimen  was  retested  at  the  intial  stress  level.  The  decreasing  stress  sequence 
had  the  Rame  initial  and  final  levels,  but  the  intermediate  level  was  - 

11  psi  and  28  psi.  The  stress  sequence  test  revealed  that  tiie  order  in 
which  the  stress  levels  were  applied  to  tin.  specimens  was  of  little  sigiuricancc 
in  determining  the  resilient  responses  of  crushed  stone  or  gravel. 
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4.4.2  Priory  Tests 

On  tlir  basis  of  results  of  the  preliminary  tout*,  ll  v.i*  decided  to  subject 
each  of  the  9  *perlr.en»  (3  materials,  3  density  levels)  to  10*t  stress  rept  1 1 1  Ion* 
at  each  of  a  range  of  stress  level#.  A  stress  pul  ho  duration  of  0.1^  secni.dK 
was  chosen  since  the  test  equipment  could  most  efficiently  apply  the  ent I  re 
range  of  confining  pressure  pulses  at  this  duration.  In  addition,  the  stress 
duration  tests  showed  that  there  was  negligible  change  in  the  resilient  reponse 
of  unhound  granular  isatrrials  with  variations  in  stress  duration.  The  range 
of  stress  levels  was  chosen  to  nos  closely  approximate  those  found  in  typical 
pavement  sections.  At  each  stress  level,  each  specimen  was  tested  at  constant 
confinement  and  witli  variable  confining  pressure.  The  stress  unalvsis.  ns 
reported  in  chapter  3,  revealed  that  one  stress  pulse  shape,  the  half-slnusold, 
could  be  used  to  adequately  simulate  both  the  major  and  minor  principal  stresses. 
Accordingly,  all  specimens  were  subjected  to  axial  and  confining  pressure  pulses 
of  this  shape.  Moreover,  since  the  literature  survey  indicated  that  load  frequen¬ 
cies  of  20  to  30  repetitions  per  minute  were  coreion  (30)  (M),  one  frequency, 

20  repetitions  per  minute,  was  utilized  throughout  this  study.  Details  of 
all  teats  are  summarized  in  Table  4.3.  Tests  results  are  discussed  In  Chapter 
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TABLE  4.3 
TEST  SCHEWLir 
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TEST  SCHEDULE 
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25 

1 .  o 

Constant 

15 

45 

J 

Constant 

15 

60 

-i 

( mist  ant 

15 

70 

4 . 7 

( onstant 

( 
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PRKSEXTA1  l<W  AND  DISCUSSION  OK  RKSIITS 

S.l  'Vlhod*  of  (anputtng  the  Resilient  Modulus,  I!  ,  and  Pesi  I  lent  Poisson's 

'•■it  lo,  ~ 

— — _L  r 

t  iKurc  4.7,  pace  91  .  show*  the  fore  of  the  raw  data  output  f ron  the  oscillo- 

graph  printer.  The  In* trunentat Ion  was  calibrated  to  yield  displacements  in 

Inches,  chamber  pressure  In  pounds  per  square  inch,  and  axial  load  in  pounds. 

It  was  necessary  to  convert  the  displacements,  axial  anJ  radial,  to  strains 

bv  dividing  the  peak  value  of  the  the  displacement  pulse  by  the  gage  length. 

Cage  lengths  for  axial  strains  corresponded  to  the  I'hysitcch  target  spacing, 

and  for  radial  strains  the  gage  length  was  equal  to  the  specimen  diameter  since 

the  bison  sensors  were  placed  180  degrees  apart  on  the  specimen  circumference. 

Axial  load  was  transformed  to  stress  bv  dividing  the  peak  value  of  the  load 

pulse  by  the  cross  sectional  area  of  the  specimen. 

The  resilient  modulus,  as  computed  from  results  of  constant  confining 

pressure  triaxlal  tests  thereafter  referred  to  as  the  CO’  test)  is  defined 

ns  the  ratio  of  the  repealed  deviator  stress,  o j-  o^,  to  recoverable  axial 

strain,  t  .  The  resilient  Poisson's  ratio  is  defined  as  the  ratio  of  recoverable 
a 

lateral  strain,  ef,  to  recoverable  axial  strain,  c  .  This  method  of  computation 

l  rt 

is  the  same  ns  would  apply  Lo  an  isotropic,  linear  elastic  material  under  uniaxial 
stress  conditions.  The  nature  of  the  (’CP  test,  in  which  the  specimen  is  allowed 
to  consolidate  under  a  constant  chamber  pressure  before  the  dynamic  increment 
of  stress  is  applied  only  in  the  axial  direction,  hir  led  to  general  acceptance 
of  this  method  of  determining  the  resilient  parameters. 

However,  the  nature  of  the  variable  confining  pressure  triaxial  test  (hereafter 


referred  to  as  the  VCP  test),  in  which  the  lateral  stress  is  applied  dynamically 
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and  simultaneously  with  tin*  axial  stress,  is  sue  li  that  to  tonputi*  t  tic-  resilient 
modulus  as  described  above  would  hr  to  ignore  the  effect  of  Poisson's  ratio 
on  arial  strains  and  would  tend  to  overestimate  the  modulus.  Therefore,  it 
was  necessary  to  use  the  three  dimension..!  stress-strain  relations  for  isotropic, 
linear  t  int  lie  material,  Equations  5.1: 


1  , 

!  ■  r~  ( i  -  2  v  e  ) 

a  f  a  r  r 

r 


-F-  <"r  -  Ur  <\  *  0r» 

r 


vhiTi  ,  *  axial  sinus 


*  radial  stress 
r 


■  recoverable  axial  strain 
a 

}  recoverable  lateral  (radial)  strain 
.  *  resilient  modulus 


resilient  Poisson's  ratio 


(5.1) 


It  who  i  Id  be  noted  that,  under  the  assumed  condition  of  axial  symmetry  of  the 
trlaxlal  test,  tangential  stresses  and  strains  are  equal  to  radial  stresses 
and  strains.  On  this  basis,  the  resilient  parameters,  K  and  v^,  were  calculated 
for  any  individual  combination  of  stresses  applied  during  the  VCP  test  by  substitu¬ 
ting  the  peak  values  of  applied  stresses  and  resulting  strains  into  liquations 
5.1,  a  procedure  which  obviously  yields  secant  values  of  the  parameters.  It 
should  also  be  noted  that,  for  a  given  stress  state,  stresses  and  strains  in 
granular  media  may  be  related  by  the  psuedo-elastic  constants  of  Equation  5.1. 

Tliis  approach  is  consistent  witli  the  concept  of  resilient  behavior  of  such 
materials.  Jn  effect,  the  assumption  is  made  that  for  any  individual  state 
of  stress  the  material  behaves  linearly  and  elastically.  The  assumption  of 


1  Ju 


t  lasti  behavior  is  verified  l>v  the  in  t  lii.it  tin*  observed  dc  f  01  mat  ions  during 
the  VCP  test  ns  well  as  the  ( (T  test  wen  almost  <  wr.pietelv  r*  >  over  .  S.  .vul 
i,  s t nntaneous . 

As  liisMissrJ  in  (hapter  2,  vh®r.  tlie  str**s-d*-:orfciii  in  i  •  !. it  Ions  1  j  r  granular 
materi .ils  are  compared  tor  a  range  ol  stress  levels  it  is  j'  .  t  -,u  i  is 

not  constant  but  varies  with  the  stale  o!  stress,  linreioie,  t!  Is  nonlinear, 
stress  dependent  behavior  can  he  characterized  bv  the  regression  1 1  n«  developed 
! rcr  statistical  analysis  of  tin  values  oi  h  calculated  for  a  range  o!  stresses. 
In  such  an  analysis  K  is  the  dependent  variable  and  the  independent  variable 
ir  some  appropriate  stress  parameter,  or  ') ,  the  sum  of  the  prino  pal  stresses. 
The  stress  dependent  nature  of  h  was  confhmed  by  tlie  results  ot  the  statistical 
analysis,  discussed  in  Section  5.  * 

As  an  illustration  oi  the  necessity  of  applving  the  above  mentioned  procedure 
for  calculating  K  ,  consider  tlie  lol  lowing  data  taken  from  the  VCP  test  on 
specimen  111)—  1 . 


Er  =  30,600  psi 

v  =0.36 

r 
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in  this  rjntr,  by  ignoring  the  three  dimensional  «tal>  of  sires*  the  modulus 
to  overestimated  by  17  per  cent  and  Poisson**  ratio  lit  umlcrciil ltsat« d  by  2h 
per  cent.  on  the  basis  of  t !••*  foregoing  discussion  it  was  decided  to  compute 
the  resilient  parameters  (or  the  TCP  tent  fro?  t lie*  uniaxial  relations  and  (host 
for  the  VC!’  test  fro?  I  qu.it  Ions  5.1. 

5.2  Statistical  Analysis  of  Hata 

No  statistical  analysis  was  applied  tn  tin-  results  of  the  prel  ir.inary 
tests  because  the  purpose*  oi  these  tests  was  to  aid  in  establishing  procedures 
(or  the  primary  test  series  l>y  observing  changes  in  the  uiterlal  parameters 
ns  induced  hy  such  factors  as  stress  duration,  numbers  of  repetitions,  and 
stress  sequence  rattier  than  to  develop  predictive  equations. 

however,  statistical  analysis  of  the  data  gathered  during  the  primary 
test  scries  was  necessary  in  order  to  develop  predictive  equations  for 
resilient  parameters.  The  statistical  procedures  included  linear  and  nonlinear 
regression  analysis  and  were  conducted  using  computer  programs  available  at 
i'SACERI..  The  first  step  was  to  attempt  to  correlate  the  calculated  values 
of  and  from  each  specimen  with  various  stress  parameters.  Regression 
constants,  correlation  coefficients  and  standard  errors  were  determined  for 
several  models  In  which  1^  was  the  dependent  variable  and  the  Independent  variables 
ranged  from  Oj,  to  o  j  -  o.j ,  to  Oj/o^i  fo  0  and  combinations  of  these.  Similar 
models  were  attempted  for  vf.  The  results  for  each  specimen  for  each  model 
were  tabulated  so  that  correlation  coefficients  and  standard  errors  could  be 
compare  1. 

All  of  these  models  in  which  both  principal  stresses  were  considered  yielded 
very  similar  correlation  coefficients  and  standard  errors.  For  example  the 
model  +  b^  ci^  +  b^,  (o^  -  o^)  had  a  range  of  correlation  coefficients 
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from  O.fkb  to  0.991.  iHe  model  L  •  brt  ♦  b,  '  ♦  b,  bad  a  very  similar 

r  >  i  *  i  j 

rat  r«  of  correlation  coefficients.  I  he  standard  error*  of  the  tvo  model*  were 
•ilnt  of  like  Mitnltudr.  However,  the  model  In  •  b  ♦  bj  In  j  had  a  con  I- 

d.-r.ibly  larger  range  of  correlation  coefficient*,  0.490  to  0.931,  and  considerably 
I  Ittlier  standard  error*. 

It  was  apparent  that  the  noJd  in  which  the  natural  log  of  i  i*  related  to 
tin  lojr  of  ,  tlie  sum  of  the  principal  stresses,  wa*  superior  to  tin  other  model* 
!or  never  a  I  reason*.  Hr*t,  tiie  correlation  coeffirientH  and  standard  error* 
were  .  om.parahlr  to  those  of  the  rodel*  consisting  of  mare  than  one  independent 
variable.  Second,  it  i*  considerably  easier  to  itraphlcallv  present  and  compare 
tlie  result*  of  test*  on  core  than  one  specimen  If  only  one  Independent  variable 
i*  present.  In  addition,  thl*  model  will  account  for  all  three  principal  stresses 
when  used  in  pavement  analyses.  It  *hould  also  he  noted  that  tlie  correlation 
between  in  f.  and  in  was  *l|tnt  1  leant  at  the  99.9  per  cent  level  (‘  •  0,001) 
lor  all  specimen* ,  both  (IT  and  VC  I*  test  data.  Ihe  form  ol  till*  model  is  a* 
follows : 

In  I.  «  b  ♦  b.  In  (•  (3.2) 

r  o  1 

where,  >•  and  b,  are  the  constani*  from  linear  regression  analysi*  and  is  the 
o  l 

sun  of  the  principal  stresses,  t  +  2c-.  One  other  nodel  was  selected,  since 
Lr  has  been  presented  as  a  function  of  Cj  by  other  invest  (gators  (10) (31) (hi): 

In  h  •  b_  ♦  b,  In  3~  (3.3) 

r  0  1  3 

where,  bo  and  b^  are  as  defined  above,  and  Sj  is  the  minor  principal  Ntress. 

Since  a  rather  wide  range  of  axial  stresses  were  applied  at  each  value 
of  in  the  triaxlal  tests  and  since  the  granular  materials  wore  affected 
by  changes  In  the  major  principal  stress,  it  was  not  surprising  that  the  model 
of  Equation  5.3  had  consistently  lover  correlation  coefficients  and  higher 
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standard  error*  than  the  previous  Model. 

Iti  .1  similar  manner  .1  rodi  1  fur  Poisson's  ratio  was  selected: 


r 


bt>* 


b,  (’,/o3)  ♦  b,  (^/’3)* 


^  b3  (VlV 


(5.4) 


where,  th*  li  roef f  it  lent*  are  repression  constants  and  Oj/Oj  in  the  princip.il 
stress  ratio. 

It  was  desired  to  prest  nt  the  node  Is  for  the  resilient  modulus  in  a  form 
that  nas  hern  proposed  by  other  invest Igators.  Atcordinp.lv  the  linear  logarith¬ 
mic  relation*  of  !<|uatlons  5.2  and  5.3  were  transformed  hv  nonlinear  repression 
techniques  into  the  following  models: 

i  •  v :  "  (5.5a) 


md 

I'  •  h*  c  n*  (5.5b) 

woe r •  i,  ,  K*  and  n*  art  constants  from  nonlinear  repression  analysis  and  '• 

prevlou  lv  defined.  Ihe  final  results  ai«  presented  later  In  this 
hap?  r.  tir.dird  errors  and  correlation  coefficients  for  each  spec.iir.eti  are 
►  ;  wti  <1  In  Table  5.3.  Kurt  hermorc ,  the  raw  data  from  the  prlmarv  test  series 
art  Included  in  Appendix  t. 


5.3  Ve.yiJLLl.  nf  the  Preliminary  test  Series 

As  a  guide  In  planning  the  primary  test  scries  it  was  necessary  to  first 
investigate  the  Influence  of  such  factors  as  stress  hlstorv,  stress  duration, 
and  stress  sequence  on  the  resilient  response  of  granular  materials.  A  knowledge 
of  these  effects  was  required  as  a  first  step  In  determining  the  lumbers  of 
repetitions  of  each  stress  level  to  be  applied,  the  number  of  specimens  to 
he  tested,  the  order  in  which  stresses  should  be  applied,  and  the  duration 
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ot  the  applied  stress  pulses. 

5.3.1  Stress  History  Effects 

As  discussed  in  Chapter  2,  Hicks  (31)  found  that  the  resilient  response 
oi  granular  materials  measured  after  50  to  100  stress  ropeti lions  was  indicative 
of  the  response  after  25,000  stress  repetitions.  Consequently,  it  was  decided 
that,  for  sake  of  completeness,  a  limited  test  series  should  be  conducted  to 
verify  his  results  for  the  materials  used  in  this  program.  Table  4.3,  page  96, 
summarizes  the  stress  levels  and  numbers  of  repetitions  utilized.  Figure 
5.1  shows  the  variation  in  recoverable  axial  strains  as  a  function  of  stress 
repetitions  for  the  crushed  stone  specimen  SH-1.  Mote  that  nowhere  does  the 
variation  in  axial  strain  exceed  about  10  per  cent.  Also,  if  the  specimens 
are  initially  conditioned  with  1000  stress  repetitions  to  eliminate  poor  seating 
between  the  specimen  and  load  platens  the  maximum  variation  is  about  5  per 
cent . 

Figure  5.2  shows  the  variation  in  resilient  modulus  wi tli  stress  repetitions 
for  the  gravel  specimen,  SH-2.  Again,  the  effects  of  number  of  stress  repetitions 
would  appear  to  be  minimal,  at  least  for  the  range  of  repetitions  applied  in 
this  study.  It  should  be  mentioned  that  the  primary  purpose  of  this  study 
was  to  assess  the  effects  of  non-constant  lateral  stresses  on  granular  materials 
at  specified  conditions  of  moisture  content  and  density  rather  than  to  determine 
the  long  term  effects  of  large  numbers  of  stress  repetitions.  Hence,  the  results 
of  the  stress  history  tests  were  accepted  as  verification  of  Hick's  findings, 
and  for  subsequent  tests  the  resilient  response  at  each  stress  level  was  measured 
after  100  stress  repetitions.  Lach  specimen  was  initially  conditioned  for 
1000  stress  repetitions  to  minimize  the  seating  effects  mentioned  previously. 
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5.3.2  tires:;  Pulse  Duration  t fleets 

Because  a  pavement  structure  will  be  used  by  vehicles  traveling  at  a  range 
of  speeds,  and  because  limitations  of  Lime  and  expense  dictated  that  one  pulse 
duration  be  used  for  the  primary  test  series,  it  was  deemed  necessary  to  subject 
specimens  of  the  crushed  stone  and  gravel  to  a  range  of  stress  pulse  durations 
in  order  to  ascertain  If  appreciable  errors  would  be  introduced  by  the  use 
of  only  one  pulse  time. 

able  5.1  shows  the  variation  in  resilient  modulus  and  resilient:  Poisson's 
ratio  for  VCP  test  stress  durations  varying  from  0,10  second  to  1.0  second, 
dote  that  for  the  crushed  stone  specimen  t lie  resilient  modulus  decreased  by 
about  2  per  cent  as  pulse  ti.me  increased  to  1.0  second,  and  the  maximum  variation 
in  Poisson's  ratio  was  about  5  per  cent.  Also,  only  slight  changes  were  observed 
in  the  response  of  the  gravel  specimen. 

To  observe  the  effects  of  even  shorter  stress  durations,  the  gravel  specimen 
was  tested  under  CCP  test  conditions  with  stress  durations  varying  from  0.04 
second  to  3.0  second.  The  results  are  included  in  Table  o.l.  Here  again  the 
negligible  effects  of  pulse  length  are  obvious. 

On  the  basis  of  the  data  in  Table.  5.1  it  was  concluded  that  a  stress  pulse 
duration  of  0.15  second  could  be  used  throughout  the  primary  test  series  without 
incurring  significant  testing  errors. 

5.3.3  Stress  Sequence  Effects 

Because  of  the  non-destructive  nature  of  the  repeated  load  triaxial  test 
conducted  at  the  stress  levels  applied  in  this  study  it  was  possible  to  measure 
the  response  of  a  single  specimen  to  all  stress  levels:  thereby  eliminating 
specimen-to-specimen  variations  in  density,  moisture  content,  and  dimensions, 
except  for  those  variations  planned  as  part  of  the  study.  It  was  necessary, 
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TABLE  5.1 

RESULTS  OF  STRESS  PULSE  DURATION  TESTS 


Material 

Type 

O3,  psl 

Oj_,  psl 

Test 

Type 

Pulse  Dur¬ 
ation,  Sec. 

Ey.PSl 

V 

r 

Crushed  Stone 

7.0 

27.6 

VCP 

0.10 

24346 

.36 

Crushed  Stone 

7.0 

27.6 

VCP 

0.15 

24258 

.35 

Crushed  Stone 

7.0 

27.6 

VCP 

0.25 

23942 

.34 

Crushed  Stone 

7.0 

27.6 

VCP 

0.50 

23942 

.34 

Crushed  Stone 

7.0 

27.6 

VCP 

1.00 

23819 

.35 

Gravel 

7.2 

27.8 

VCP 

0.10 

57018 

0.27 

Gravel 

7.2 

27.8 

VCP 

0.15 

57018 

0.27 

Gravel 

7.2 

27.8 

VCP 

0.25 

54917 

0.27 

Gravel 

7.2 

27.8 

VCP 

0.50 

54917 

0.27 

Gravel 

7.2 

27.8 

VCP 

1.00 

54917 

0.27 

Gravel 

7.0 

27.5 

CCP 

0.04 

50800 

0.47 

Gravel 

7.0 

27.5 

CCP 

0.07 

50800 

0.47 

Gravel 

7.0 

27.5 

CCP 

0.10 

50800 

0.47 

Gravel 

7.0 

27.5 

CCP 

0.15 

50800 

0.47 

Gravel 

7.0 

27.5 

CCP 

0.25 

49100 

0.47 

Gravel 

7.0 

27.5 

CCP 

0.50 

49100 

0.47 

Gravel 

7.0 

27.5 

CCP 

1.00 

49100 

0.47 
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therefore,  to  determine  if  the  order  In  which  the  stresses  were  applied  would 
significantly  affect  the  resilient  response  of  a  specimen.  The  results  of 
the  stress  sequence  test,  described  in  Chapter  4,  are  tabulated  in  Table  5.2 
for  the  crushed  stone  and  gravel  specimens.  It  should  be  noted  that  the  term 
"increasing  sequence"  refers  to  the  test  in  which  the  second  applied  principal 
stress  ratio  was  greater  than  the  initial  and  final  ratio.  The  Initial  and 
final  stress  ratios  are  identical  since  the  specimen  is  retested  at  the  original 
stress  level  after  the  intermediate  state  of  stress  is  applied.  The  decreasing 
sequence  refers  to  a  lower  intermediate  stress  ratio. 

Table  5.2  shows  that  for  the  crushed  stone  specimen,  the  resilient  modulus 
and  Poisson's  ratio  remained  unchanged  after  the  decreasing  sequence  test. 

After  the  increasing  sequence  test  Poisson's  ratio  was  unchanged,  but  the  resilient 
modulus  had  decreased  by  less  than  2  per  cent.  Similar  results  were  obtained 
for  the  gravel  specimens.  Poisson's  ratio  remained  unchanged  after  each  sequence. 
The  resilient  modulus  increased  about  1.5  per  cent  after  the  decreasing  sequence 
test  and  decreased  about  3  per  cent  after  the  increasing  sequence  test. 

On  the  basis  of  the  data  in  Table  5.2  it  was  concluded  that  one  test  sequence 
could  be  used  for  each  specimen  during  the  primary  test  series  with  little 
error  involved.  Accordingly,  the  stress  states  shown  in  Table  4.3,  page  96, 
were  applied  to  each  specimen  in  the  order  shown,  which  constituted  an  increasing 
test  sequence  for  each  level  of  peak  confining  pressure.  Periodically  throughout 
the  test  series  specimens  were  retested  at  previous  stress  levels,  and  negligible 
changes  in  response  were  observed. 

5.3.4  Summary  of  Preliminary  Test  Results 

With  the  completion  of  the  preliminary  test  series  it  was  possible  to 
design  the  primary  test  series  so  as  to  incorporate  into  the  results  only  minimal 
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TABLE  5.2 

RESULTS  OF  STRESS  SEQUENCE  TESTS 


Material 

Type 

Stress 

Level  No. 

01.psi 

Oj.PBi 

°l/03 

Er,psi 

V 

r 

Sequence 

Crushed  Stone 

1 

23.6 

8.0 

3 

22766 

0.34 

Decreasing 

Crushed  Stone 

2 

23.9 

12.0 

2 

28643 

0.28 

Decreasing 

Crushed  Stone 

3 

23.6 

8.0 

3 

22766 

0.34 

Decreasing 

Crushed  Stone 

1 

23.6 

8.0 

3 

22766 

0.34 

Increasing 

Crushed  Stone 

2 

23.8 

4.0 

6 

21940 

0.38 

Increasing 

Crushed  Stone 

3 

23.6 

8.0 

3 

22325 

0.34 

Increasing 

Gravel 

1 

28.0 

7.0 

4.0 

47280 

0.25 

Decreasing 

Gravel 

2 

28.0 

11.0 

2.5 

52032 

0.12 

Decreasing 

Gravel 

3 

28.0 

7.0 

4.0 

48000 

0.25 

Decreasing 

Gravel 

1 

28.0 

7.0 

4.0 

48000 

0.25 

Increasing 

Gravel 

2 

27.5 

4.0 

6.9 

40135 

0.33 

Increasing 

Gravel 

3 

28.0 

7.0 

4.0 

46494 

0.25 

Increasing 

Ill 


errors  due  to  testing  procedures.  The  conclusions  drawn  from  the  preliminary 
test  results  were  strengthened  inasmuch  as  they  confirmed  Hicks'  (31)  conclusions 
based  on  similar  laboratory  tests.  In  summary,  it  was  decided  that  any  one 
specimen  could  be  tested  over  the  entire  range  of  stress  levels,  both  VCP  and 
CCP.  Also,  the  resilient  material  parameters,  as  determined  after  50  to  100 
stress  repetitions,  were  known  to  be  indicative  of  those  determined  after  several 
thousand  repetitions.  Furthermore,  the  stress  sequence  test  confirmed  that 
the  various  stress  states  could  be  applied  in  any  order  without  introducing 
significant  error  into  the  results,  and  the  stress  duration  test  revealed  that 
one  pulse  time,  0.15  second,  could  be  used  throughout  the  primary  test  series. 

The  resilient  response  of  granular  materials  thus  determined  would  be  representa¬ 
tive  of  that  of  similar  materials  in  a  pavement  subjected  to  various  vehicular 
speeds . 

5 . 4  Results  of  the  Primary  Test  Series 

The  general  purpose  of  this  study  was  to  evaluate  the  effects  of  non-constant 
lateral  pressures  on  the  resilient  response  of  granular  materials.  In  addition, 
the  effects  of  such  factors  as  material  type  and  density  were  investigated. 
Furthermore,  observations  were  made  concerning  plastic  (non-recoverable)  deforma¬ 
tions  and  anisotropic  material  behavior. 

5.4.1  Lffects  of  State  of  Stress 

The  predictive  equations  for  the  resilient  moduli  and  resilient  Poisson's 
ratios  of  the  materials  tested  are  summarized  in  Table  5.3.  The  resilient 
modulus  is  presented  as  a  function  of  the  sum  of  the  principal  stresses,  (Equation 
5.5a),  and  as  a  function  of  o^,  (Equation  5.5b).  Poisson's  ratio  is  presented 
as  a  function  of  the  principal  stress  ratio  (Equation  5.4). 
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TABLE  5.3  (a) 


REGRESSION  EQUATIONS  FOR  Ef  FROM  PRIMARY  TEST  DATA 
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TABLE  5.3(b) 


REGRESSION  EQUATIONS  FOR  FROM  PRIMARY  TEST  DATA 
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Figure  5.6 

Effect  of  Repeated  Axial  Stress  (n|l  on  the  Resilient  Modulus  (Efl, 
VCP  Results.  Intermediate  Density  Crushed  S;one  Specimen  IMD  I I 
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The  primary  test  series  results  clearly  demonstrate  that  the  resilient 
material  parameters  are  much  more  significantly  affected  by  changes  in  the 
state  of  stress  than  by  changes  in  any  other  factors  investigated  in  this  study 
For  example,  the  resilient  modulus  may  change  by  as  much  as  400  per  cent  over 
the  range  of  stress  states  encountered  in  a  typical  pavement  system. 

The  effects  of  confining  pressure  on  the  resilient  modulus  are  illustrated 
in  Figures  5.3  and  5.4  These  figures  are  typical  of  the  entries  in  Table  5.3. 
Figure  5.3  shows  the  data  extracted  from  the  CCP  test  results  of  the  high  density 
blend  specimen.  It  should  be  noted  that  a ^  increases  from  1  to  10  psi  the 
resilient  modulus  increases  by  almost  300  per  cent.  Figure  5.4,  VCP  test  results 
for  the  intermediate  density  crushed  stone  specimen,  shows  a  similar  increase 
in  the  resilient  modulus.  It  should  be  pointed  out  that  a  range  in  values 
of  1  to  10  psi  is  not  atypical  of  confining  stresses  thought  to  exist  in  actual 
pavement  sections. 

The  variations  in  the  resilient  modulus  at  each  value  of  in  Figures 
5.3  and  5.4  are  indicative  of  the  effects  of  the  a*ial  stress,  o^,  on  the  resilient 
response.  Figures  5.5  and  5.6  show  the  modulus  versus  at  various  levels  of 
for  the  same  two  specimens  illustrated  in  Figures  5.3  and  5.4.  It  can  be  seen 
that  the  major  principal  stress  can  exert  a  significant  influence  on  the  resili¬ 
ent  modulus.  In  addition,  the  influence  of  0^  helps  to  explain  the  scatter  in  the 
data  shown  in  Figures  5.3  and  5.4. 

The  model  relating  to  the  first  invariant  of  the  stress  tensor,  6, 
reduces  the  scatter  in  the  data  by  accounting  for  the  effects  of  all  three 
principal  stresses.  Figures  5.7  and  5.8  show  this  relation  for  the  same  two 
specimens  just  discussed.  The  higher  correlation  coefficients  and  lower  standard 
errors  associated  with  the  6  models  as  compared  with  models  (Figures  5.3, 

5.4,  5.7,  5.8)  were  also  obtained  for  the  other  specimens.  Again,  the  increase 
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In  E^_  as  0  increases  is  evident,  with  Figure  5.8  indicating  a  400  per  cent  increase 
in  as  0  increases  from  10  psi  to  80  psi.  While  the  data  from  only  two 
specimens  are  presented  in  Figures  5.3  through  5.8,  the  same  trends  were  evident 
from  the  results  obtained  for  all  specimens. 

The  stress-dependent  nature  of  the  resilient  Poisson's  ratio  is  illustrated 
in  Figure  5.9.  The  best  fit  to  the  laboratory  data  was  obtained  for  all  specimens 
by  expressing  v  as  a  function  of  a ^/a ^  (Equation  5.4).  Figure  5.9  shows  this 
relationship  for  the  VCP  test  data  from  the  low  density  gravel  specimen.  Of 
interest  is  the  relatively  flat  slope  of  the  curve  through  the  range  of  o^/o^ 
of  2  to  7.  This  observation  indicates  that,  since  this  range  of  stress  ratios 
is  typical  of  that  found  in  pavement  systems,  pavement  analyses  based  on  a 
representative  constant  value  of  Poisson’s  ratio  for  the  granular  layers  might 
be  appropriate.  The  validity  of  this  observation  is  strengthened  by  the  fact 
that  the  VCP  test  results  for  all  specimens  yielded  values  of  Poisson's  ratio 
very  close  to  those  shown  in  Figure  5.9  for  the  same  range  of  This 

topic  is  discussed  further  in  Chapter  6. 

Figure  5.10  shows  values  from  the  CCP  test  on  the  same  specimen  as 
Figure  5.9.  This  figure,  typical  of  the  CCP  results  for  all  specimens,  differs 
in  two  respects  from  the  typical  VCP  results  shown  in  Figure  5.9.  First,  the 
curve  is  concave  downward  throughout  the  range  of  a^/o^  of  interest,  as  opposed 
to  the  upward  concavity  evident  in  Figure  5.9.  Second,  the  values  of vr  are 
much  higher  (>.50)  throughout  the  same  range  of  o^/a 3  for  the  CCP  results  than 
for  the  VCP  test  data.  This  contrast  in  behavior  may  indicate  that  the  CCP 
test  conditions  cause  the  specimen  to  undergo  more  volume  change  than  the  VCP 
test.  The  results  of  the  two  test  types  are  compared  in  detail  later  in  this 


chapter. 
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5.4.2  Effects  of  Density 

The  effects  of  variations  in  dry  density,  y^,  on  E^  are  shown  in  Figures 
5.11  through  5.13  for  the  VCP  tests  and  in  Figures  5.14  through  5.16  for  the 
CCP  test  data.  In  general,  it  would  appear  that  density  effects  are  more  pronounced 
at  lower  values  of  9  than  for  higher  values.  As  Figures  5.11  through  5,16  indicate, 
there  is  a  general  trend  of  increasing  values  of  Ef  as  y^  increases,  although 
this  relation  was  not  without  exception.  Notably,  Figure  5.14  (CCP  results  - 
crushed  stone  specimens)  shows  the  intermediate  density  specimen  to  have  a 
higher  Ef  for  values  of  from  10  to  22  psi.  Thereafter,  for  larger  values  of© 
the  high  density  specimen  had  the  higher  Ef.  This  intersection  of  E^  curves 
was  also  exhibited  by  the  VCP  test  results  from  the  gravel  specimens,  except 
that  the  point  of  intersection  was  near  the  high  extremity  of  9  values.  Below 
the  point  of  intersection,  the  higher  density  specimens  had  larger  values  of 
Ef  than  did  the  lower  density  specimens. 

The  effects  of  dry  density  on  the  degree  of  stress  dependency  of  the  resilient 
parameters  can  be  examined  by  looking  at  the  slope  of  the  regression  line, 
the  exponent  n.  Figure  5.17  shows  the  variation  of  the  constants  K  and  n  with 
density  for  the  VCP  test  results.  The  somewhat  erratic  nature  of  the  density 
relation  for  each  constant  would  appear  to  render  the  data  inconclusive  in 
that  respect.  However,  one  very  important  observation  may  be  made  concerning 
the  interaction  of  the  constants  K  and  n.  In  almost  every  case,  curves  computed 
for  a  specimen  of  density  level  so  as  to  yield  the  minimum  value  of  K  also 
show  a  maximum  value  of  n.  Similarly,  maximum  K  values  have  an  accompanying 
minimum  n,  and  intermediate  values  of  K  and  n  appear  together.  The  same  observation 
is  true  of  the  CCP  test  results  in  Figure  5.18.  This  observation  of  interaction 
of  the  constants  explains  why  it  is  possible  to  see  the  general  trend  of  higher 
values  of  Er  for  higher  density  specimens  when  the  regression  lines  for  Ef 


10 


20 


30 


40 


50  60  70  80  90  100 


O  =  <<r,  +  20"3),  psi 


Figure  5. 1 2 

Effect  of  Density  on  the  Relationship  between  Er  and  0  ,  VCP  Results, 
Gravel  Specimens 


10 


20 


30 


Figure  S.14 
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versus  0  are  plotted  on  a  log-log  scale  even  though  the  K  or  n  values  taken 
singularly  do  not  support  such  a  trend.  This  concept  is  discussed  in  greater 
detail  in  Chapter  6. 

The  effects  of  density  on  the  resilient  Poisson's  ratio  are  shown  in  Figure 
5.19  for  the  VCP  test  results  and  in  Figure  5.20  for  the  COP  test  data.  Of 
interest  concerning  the  VCP  data  are  the  very  slight  differences  in  values 
for  various  density  levels.  In  general  it  appears  that  the  high  density  specimens 
had  somewhat  lower  values  of  v  than  the  lower  density  specimens,  although 
there  were  exceptions.  For  the  gravel  and  Mend  specimens  the  low  density 
specimens  showed  lower  values  except  at  the  upper  extreme  of  c  /0  values. 

No  trends  are  evident  from  the  CCF  data,  except  that  V  obtained  from  the  CCP 
test  is  everywhere  greater  than  that  obtained  from  the  VCP  LesL  data.  Again, 
this  fact  would  seem  to  indicate  that  greater  amounts  of  volume  change  are 
induced  by  the  CCP  test  conditions. 

It  should  be  mentioned  that  the  effects  of  density  variations  and  material 
type  on  the  resilient  parameters  are  undoubtedly  influenced  by  the  differences  in 
degree  of  saturation  from  specimen  to  specimen  (Table  4.2).  Hicks  (31)  found  that 
the  resilient  modulus  and  Poisson's  ratio  decreased  as  the  degree  of  saturation 
increased  from  zero  to  100  per  cent.  However,  these  effects  were  slight  as  com¬ 
pared  with  the  influence  of  the  state  of  stress.  For  this  study  efforts  were  made 
to  achieve  desired  specimen  densities  by  controlling  the  moisture  content  and  com- 
pactlve  effort.  Therefore,  variations  in  degree  of  saturation  are  inevitable. 

It  is  felt  that  these  variations  exert  only  minimal  influence  on  the  measured 
parameters . 

5.4.3  Effects  of  Material  Type 

Figures  5.21  through  5.26  show  the  effects  of  material  type  on  the  resilient 
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modulus  of  the  granular  specimens.  For  the  VCP  test  data,  Figures  5.21  through 
5.23,  In  general  the  crushed  stone  was  stlffer  than  the  gravel.  However,  for 
the  Intermediate  density  specimens  the  gravel  exhibited  higher  values  of 
for  a  range  of  9  from  10  to  30  psi.  For  values  of  9  greater  than  30  psi  the 
crushed  stone  had  greater  stiffness.  For  the  high  density  specimens,  the  blend 
material  showed  higher  values  of  throughout  the  range  of  9  than  did  either 
the  crushed  stone  or  gravel.  However,  for  the  intermediate  density  specimens, 
the  curves  for  the  blend  and  crushed  stone  intersected  at  0  equal  to  49  psi 
with  the  blend  showing  higher  stiffness  at  lower  6  and  the  the  crushed  stone 
yielding  greater  values  of  Ef  lor  higher  6  values.  The  regression  lines  for 
the  low  density  specimens  show  the  same  trend,  except  that  the  point  of  intersec¬ 
tion  is  at  9  equal  to  27  psi.  It  should  be  noted  that  in  most  cases  where 
the  regression  lines  for  specimens  of  different  materials  intersect,  the  point 
of  Intersection  is  near  the  mid-range  of  values  for  the  first  invariant  that 
would  be  expected  to  occur  in  a  typical  paverent  section  subjected  to  mixed 
traffic  loads. 

Similar  observations  may  be  made  regarding  the  CCP  test  data  shown  in 
Figures  5.24  through  5.26.  For  the  high  density  specimens,  Figure  5.24,  the 
regression  curves  for  th»;  crushed  stone  and  gravel  specimens  intersect  at  a 
value  of  28  psi.  The  blend  material  yielded  consistently  higher  values  of 
Er  except  for  values  of  6  greater  than  65  psi.  Thereafter,  the  crushed  stone 
showed  greater  stiffness.  Figure  5.25,  for  the  intermediate  density  specimens, 
shows  the  crushed  stone  with  higher  values  of  Eg,  the  blend  with  intermediate 
values,  and  the  gravel  with  lower  values,  all  for  values  of  6  greater  than 
about  22  pel.  For  smaller  9  values  there  is  little  difference  in  the  stiffness 
of  the  three  materials.  Throughout  the  entire  range  of  6  values  in  Figure  5.26 
(low  density  specimens)  the  materials  are  ranked  in  order  of  decreasing  stiffness 
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crushed  stone,  blend,  then  gravel. 

The  effects  of  material  type  on  the  resilient  Poisson's  ratio  are  shown 

in  Figures  5.27  and  5.28.  The  VCP  test  results  (Figure  5.27)  indicate  almost 

identical  values  of  v  for  all  three  materials  at  the  lowest  density  level. 

r 

There  is  not  a  great  deal  of  difference  between  the  regression  lines  for  the 
other  density  level  specimens.  However,  the  gravel  displayed  consistently 
higher  values  of  Poisson's  ratio  than  the  crushed  stone  or  blend  material. 

Again,  the  relatively  flat  nature  of  the  regression  curves  in  the  region  of 
0 1 / u 3  from  2  to  7  should  be  noted. 

The  CCP  test  data  shown  in  Figure  5.28  shows  considerably  more  variation 
in  values  for  different  material  types,  but  no  firm  conclusions  can  be  reached. 
For  the  high  and  low  density  specimens,  the  crushed  stone  displayed  the  lowest 
values  of  V  ,  but  the  gravel  yielded  tiie  highest  values  for  the  high  density 
specimens,  the  intermediate  values  of  \ )  for  the  low  density  specimens,  and 
the  lowest  Poisson's  ratio  for  the  intermediate  density  specimens.  Here,  too, 
it  is  seen  that  the  CCP  test  results  yield  consistently  higher  values  of  Poisson's 
ratio  than  do  the  VCP  results.  The  Implications  of  this  observation  are  dis¬ 
cussed  in  section  5.4.5. 

5.4.4  Plastic  Deformations 

Although  no  attempts  were  made  to  measure  the  plastic  (nonrccoverable) 
deformations  associated  witli  individual  stress  pulses,  data  arc  available  showing 
total  plastic  deformations  accumulated  by  etch  specimen  throughout  the  test 
series.  This  total  change  in  specimen  length  was  converted  to  plastic  axial 
strains  by  dividing  it  ny  the  specimen  length.  Table  5.4  shows  the  total  plastic 
axial  strain  for  each  specimen.  The  entries  in  Table  5.4  reflect  the  sun  of 
plastic  strains  per  specimen  occurring  during  the  CCP  and  VCP  test  series. 


TABLE  5.4 

TOTAL  PLASTIC  AXIAL  STRAIN 


Specimen 

Material  Type 

Density  Level 

Total  Plastic 
Axial  Strain, 

e  ,  in/in 

. P  ... 

HD-1 

Crushed  Stone 

High 

.0036 

MD-1 

Crushed  Stone 

Intermediate 

.0149 

LD-1 

Crushed  Stone 

Low 

.0191 

HD- 2 

Gravel 

High 

.0158 

MD- 2 

Gravel 

Intermediate 

.0173 

LD-2 

Gravel 

Low 

.0204 

HD-3 

Blend 

High 

.0063 

MD-3 

Blend 

Intermediate 

.0152 

LD-3 

Blend 

Low 

.0193 
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Since  every  specimen  was  subjected  to  identical  stresses  and  numbers  of  repetitions, 
the  ranking  in  Table  5.4  may  be  considered  indicative  of  the  relative  plastic 
response  of  the  three  materials  at  the  three  stated  density  levels  Two  trends 
may  be  detected  from  the  data  of  Table  5.4.  7irst,  within  each  material  type 
there  is  an  increase  in  total  plastic  strain  as  the  specimen  density  decreases. 
Second,  for  each  density  level  the  crushed  stona  specimens  experienced  the 
least  plastic  strains,  the  gravel  specimens  accumulated  the  greatest  plastic- 
strains  and  the  blend  materials  showed  intermediate  values  of  plastic  axial 
strains.  The  density  effects  are  consistent  with  these  reported  by  Gray  (28) 
as  observed  during  static  triaxial  testing  and  by  Barksdale  (10)  regarding 
the  results  of  repeated  load  triaxial  tests  conducted  at  constant  chamber  pressures. 

Since  all  specimens  were  prepared  from  one  material  gradation,  the  variation 
in  plastic  strains  shown  for  different  material  types  at  the  same  density  would 
appear  to  be  related  to  the  surface  characteristics  of  the  aggregates.  The 
rougher,  more  angular  nature  of  the  crushed  stone  as  compared  to  the  gravel 
would  indicate  that  the  crushed  stone  should  exhibit  a  higher  angle  of  shearing 
resistance,  0, for  equal  densities.  Similarly,  the  blend  of  the  two  materials 
could  be  expected  to  possess  an  intermediate  value  of  0.  This  observation 
is  supported  by  Gray  (28).  Examination  of  the  hyperbolic  plastic  stress-strain 
law  (Chapter  3)  reveals  that  materials  with  higher  values  of  0  should  undergo 
smaller  plastic  deformations  at  any  given  stress  state  than  materials  with 
smaller  angles  of  shearing  resistance,  and  vice-versa.  Therefore,  the  plastic 
strain  data  shown  in  Table  5.4  are  consistent  with  the  theoretical  treatment 
of  plastic  behavior  of  granular  materials. 

One  further  conclusion  may  be  drawn  from  consideration  of  the  plastic 
strain  data  in  conjunction  with  the  resilient  strain  data.  Although  a  quantitative 
comparison  is  not  possible,  it  would  appear  that  the  variations  in  plastic 
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strain  iron  one  type  material  to  another  and  from  one  density  level  to  another 
are  more  pronounced  than  the  variations  observed  in  k  .  Therefore,  it  may 
be  concluded  that  a  greater  portion  of  total  deformations  are  recoverable  for 
the  crushed  stone  than  for  the  gravel  and  blend  materials.  In  addition,  the 
ratio  of  recoverable  deformations  to  total  deformations  would  he  greater  for 
the  blend  than  for  the  gravel  at  a  given  level  of  density.  This  conclusion 
may  be  visualized  by  considering  an  individual  stress  pulse.  If  the  recoverable 
strains  experienced  by  different  specimens  subjected  to  the  same  stress  pulse 
are  similar  in  magnitude,  but  if  the  plastic  strains  vary  widely  from  specimen 
to  specimen,  then  the  ratio  of  recoverable  strains  to  total  strains  would  be 
greatest  for  the  specimen  with  the  least  plastic,  strain. 

If  two  materials  exhibit  similar  resilient  response  to  dynamic  loading 
such  that  either  is  acceptable  for  use  as  a  base  course  for  a  flexible  pavement 
structure,  that  is  if  analysis  indicates  that  the  fatigue  response  of  the  structure 
constructed  of  either  material  is  satisfactory,  serious  error  might  resale 
if  the  rutting  potential  (plastic  response)  of  each  is  not  examined.  Because 
fatigue  cracking  is  but  one  pavement  distress  mechanism,  it  must  be  kept  in 
mind  that  the  resilience  concept  does  not  directly  pertain  to  other  modes  of 
failure  and  that  satisfactory  performance  in  one  mode  of  behavior  does  not 
imply  satisfactory  performance  in  all  modes. 

5.4.5  Anisotropic  Behavior 

Poisson's  ratio  is  a  most  difficult  parameter  to  determine  in  the  laboratory. 
The  problem  of  devising  instrumentation  to  accurately  measure  lateral  deformations, 
while  difficult  to  solve,  can  be  overcome.  It  is  felt  that  the  Bison  sensors 
used  in  this  study  possess  adequate  sensitivity  to  slight  change  in  axial  sparing 
to  provide  satisfactory  measurements.  However,  no  matter  what  instrumentation 
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ischerw  l«  utilized,  the  lateral  dfforutlom  of  the  spec Inen  err  effected 
by  tiir  nstsunlfom  sure**  end  defonution  condition*  which  inevitably  reset 
in  the  tri.ixial  apeclern.  Ihete  nonunlfore  «tresn*dcf ometion  condition*  ere 
narlfretrd  bv  ttie  typical  bulged  shape  of  the  lateral  dcfortMtlon  dietrlbution 
near  Use  add- height  of  the  spec (non  arc  '  be  Klnl&l/ru  bv  selecting  epecinen 
!ui stlit  o  dtaieler  ratio*  of  two  or  (treat*  and  bv  using  lubricated  end  platen*, 
kr  tlii*  study  the  necessity  of  compacting  the  specimens  dlr<cllv  on  tin  base 
load  platen  v.i*  thought  to  Unit  the  usefulness  of  lubricating  the  platens. 

There!  or* ,  even  thong!  'he  hright-dianetet  ratio  was  2:1  it  sunt  be  anurra 
that  specimen  end  si  frets  c**”rted  acre  Ini  luence  on  tin  late  ral  deforces!  ion* 
observed  . 

It  an  be  shown  that  elastic  isotropic  oaterial*  cannot  have  a  value  lor 
Poisson’*  ratio  In  tuiree  of  0.5.  However,  a*  was  reported  earlier,  tlie  t'tT 
test  results  yielded  value*  of  ^  consistent Iv  In  excess  of  *1.5.  Certainly, 
a  p«  •  ><t  i  of  tin-  large  lateral  detorr.it  inns  Involved  .u  Itie  to  fist*  nonun  I  loir 
tie*  !  i*'iln  states  within  tiie  sped  tens;  however ,  an  .«lso  be  assumed 
Miat  •  .  sennit  *  ludii.iti  .nil  sot  rop  1  c  behavior  on  the  par*  of  the  granul.it 

materiils.  He  same  conclusion  has.  bs*cn  reached  by  "oort ,  Its  It  ton,  .nul  St  rlvner 
(51),  hurisdale  nnd  Hicks  (11),  and  I’ehlen  (IH). 

At  principal  Htre*s.s  ratios,  CjA-j.  In  the  range  from  2  to  7,  tvpicnl  ol 
those  tlioughl  to  exist  in  granular  lavers  of  flexible  pavement  systems,  the 
anisotropic  behavior  mentioned  above  was  not  observed  in  the  Vi.P  ts*st  series, 
as  evidenced  by  the  consistently  lower  values  of  Poisson’s  ratio.  However, 
at  stress  ratios  approaching  hydrostatic  conditions,  the  measured  lateral  dcforisa- 
tions  were  so  large  as  to  be  incompatible  with  isotropic  material  properties. 

This  behavior  was  indicative  that  the  stiffness  of  the  material  was  less  in 
the  lateral  direction  than  in  the  axial  direction.  Dehlen  (1H)  reported  similar 
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cross-isotropic  bo,«avlor  of  sands.  Detplta  tho  evidence  of  some  degree  of 
anisotropic  properties  of  the  aatarlals  tested,  the  VCP  test  data  would  sees 
to  Indicate  that,  in  the  proper  range  of  atreaa  states,  such  behavior  only 
Blnlmally  influences  the  results. 

5.4.6  Comparison  of  yep  and  CCP  Test  »nult« 

l«st  results  for  the  crushed  sto>,e  and  gravel  Materials  Indicate  that  the 
(t'i'  test  yields  slightly  higher  values  of  I..  throughout  the  range  of  C*  values  for 
the  inturciediate  and  low  density  specimens  than  does  the  VCP  test.  TMs  observa¬ 
tion  wa*  also  true  for  the  low  density  blend  speclnen  for  values  of  '*  1)  psi. 

Tin  dillrrence  In  values  In  each  caae  was  naxieun  for  values  of  b  near  in  pat, 
th*  low*  i  ea.rese  for  0.  At  this  point  the  t‘CP  test  on  the  Intemedtatc  density 
crushed  stone  speclnen  showed  to  be  approxtnately  50  per  cent  greater  than 
tlu  VC  I*  teat  data  Indicated.  Thia  difference  diminished  as  0  Increased,  since  tlu 
regression  lines  converged  at  higher  0  value#.  However,  the  dilfcrences 
In  t.r  for  the  other  specimen*  Mentioned  above  were  considerably  less,  on 
the  order  of  30  por  rent  at  rsxIbub.  Figures  5.29  and  5.10  illustrate  the 
vaiUiion  In  for  the  CCI’  and  VCP  test  data  derived  frost  spec  tarns  **lt-l  and 
Mil  } 

Stellar  results  were  obtalnsd  iron  the  high  density  crushed  stone  and 
gravel  specimens,  Figures  5.11  and  5.32.  Figure  5.31,  for  the  gravel,  show# 
tlu  i « I1  and  VCP  test  regression  lines  to  Intersect  at  a  value  of  0  near  17  psl;  ho 
for  rout  o!  the  range  of  0  of  interest  the  CCP  teat  reaults  yield  higher  values 
of  F.  .  However,  for  the  crushed  stone  specimen  the  point  of  intersection  was 
0  •  15  psi . 

lor  two  specimens,  the  high  and  intermediate  density  blend  specimens,  the  VCP 
and  CCP  test  data  result  in  almost  Identical  regression  lines  for  Ep,  Figure  5.33. 
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On  llir  hauls  of  the  above  discussion,  it  would  appear  that,  in  general, 
the  tel’  test  data  would  tend  to  ov»rrstiMte  the  resilient  nodutus  cozparod 
to  the  VCr  test.  However,  two  observations  should  he  node,  first,  this  phenomenon 
was  not  observed  for  all  specio.cn*.  Second,  In  the  cases  where  It  did  occur 
the  magnitude  of  the  difference  in  I,,  is  not  constant  because  oi  the  Intersecting 
or  convergent  nature  of  the  regression  lines;  therefore,  the  magnitude  of  the 
difference  depends  upon  the  value  of  0  for  which  the  values  of  i  ^  are  calculated. 

It  follows  tliat  the  differences  in  the  results  of  the  two  types  of  test  sav 
or  My  not  he  significant  as  regards  pavement  response  to  load  since  the  nodulus 
throughout  'lie  granular  layers  is  detemlned  iron  the  existing  state  of  stress. 

This  point  .s  discussed  in  greater  detail  In  Chapter  *». 

It  has  been  nentioned  previously  that  the  f’Cl*  test  data  for  all  specimens 
yielded  significantly  higher  values  for  the  resilient  Poisson's  ratio  than 
the  YCP  data.  That  this  is  Indicative  of  correspondingly  greater  volure  change 
may  he  seen  from  the  following. 

*  v 

It  can  be  shown  that  the  volumetric  strain  of  a  specimen  is  equal 

the  first  invariant  of  the  strain  tensor,  ij  +  2i  ^  for  the  trlaxial  test  spt  nf. 

A  quick  examination  of  the  data  In  Appendix  A  will  show  that  at  almost  all 
stress  levels  applied  during  the  CCP  test,-— ^  calculated  from  the  sum  of  the 
principal  strains  would  Indicate  that  the  specimen  Increased  in  volume.  o  ver, 
applying  the  same  procedure  to  the  VCP  tent  results  would  ahow  much  lov  t  magnitudes 
of  volume  change.  Accordingly,  It  is  felt  that  the  conditions  of  the  <  t «  s t 
are  such  that  inordinate  degrees  of  volume  change  ere  imposed  on  the  sp«  men; 
thereby  yielding  results  that  erroneously  overestimate  Poisson's  ratio. 

For  all  specimens  the  CCP  test  caused  larger  plastic  axial  strains  than 
did  the  YCP  test.  Table  5.5  shows  the  total  plastic  axial  strait  accumulated 
by  each  specimen  during  the  entire  test  scries.  It  also  shows  the  percentage 
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TABLE  5.5 

PERCENTAGE  TOTAL  AXIAL  STRAIN  ACCrtl’LATKn 
DURING  VCP  AN!)  CCP  TESTS 


Spaclatn 

Total  Plaatlc 
Axial  Strain,  c 
ln/ln  ** 

?  c  'Hiring 

P 

VCP  test 

t  •  iHjrinr 

P 

('CP  tr«t 

HD-1 

.0036 

49 

51 

HD-1 

.0146 

22 

78 

LD-l 

.0191 

48 

52 

HD-2 

.015* 

42 

58 

HD-2 

.0173 

43 

57 

LD-2 

.0204 

41 

57 

HD-3 

.0063 

49 

51 

HD-J 

.0152 

46 

54 

LD-3 

.0193 

43 

57 

1 

of  the  total  plastic  strain  accrued  during  the  CCP  and  VCP  portion!  of  each 
teat  aeries.  From  Table  5.5  it  can  be  aeen  that  the  (tP  portion  of  each  teat 
series  resulted  in  i rocs  2  per  cent  to  56  per  cent  greater  plastic  axial  strains 
than  lf<  VCP  test,  although  for  most  apecicens  the  difference  was  around  8 
to  10  per  cent.  Finn  (26)  haa  shown  that,  on  the  baste  of  the  'lohr-Coulomb 
yield  rlteria  for  soils,  plastic  strain  (a  accompanied  by  volume  change. 

tti.s  viewpoint,  the  greater  volume  change  observed  during  tlio  CCP  test 
Is  t  pstible  with  the  greater  resultant  plastic  strains. 

1  though  for  this  study  no  measurement*  were  cade  relating  plastic  strain 
(•  prln  ip.il  stress  ratio,  plastic  strains  appeared  to  increase  .is  the  principal 

t  illo  Increased  at  all  levels  of  confining  pressure.  This  rate  of  Increase 
wss  o» served  to  be  greater  for  the  CCP  test  conditions.  Barksdale  (10)  also 
r« ported  the  increase  In  plastic  strains  resulting  from  increasing  stress  ratios. 

*) .  r.-irv  of  laboratory  Results 

The  preliminary  lest  series  confirmed  the  findings  of  previous  investigators 
that  ti <  resilient  response  of  the  granular  test  specimens  was  only  minimally 
it  t  •  i  t  oil  by  variations  In  stress  pulse  duration  and  that  the  resilient  response 
d*  tetmined  after  a  very  few  stress  repetitions  was  representative  of  the  response 
alter  several  thousand  repetitions.  Furthermore,  one  specimen  could  be  subjected 
to  the  entire  range  of  stress  levels  and  these  stresses  could  be  applied  in 
mv  sequence. 

The  primary  test  series  data  indicated  that,  in  general,  the  resilient 
modulus  ol  a  specimen  increased  as  the  dry  density  increased.  Similarly,  the 
rushed  stone  appeared  to  exhibit  slightly  greater  values  of  K  than  the  gravel. 
Poisson's  ratio  was  less  affected  by  material  type  and  level  of  density. 
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Accumulated  plastic  axial  strains  decreased  a  density  increased.  The 
crushed  stone  showed  tlie  least  plastic  strain  followed  by  the  blend  material 
and  gravel  in  that  order. 

compared  to  the  VCF  test  data,  tlie  (CP  data  consistently  overestimated 
Poisson's  ratio  and  generally  overestimated  the  Er  by  varying  amounts.  Also, 
tlie  (CP  test  always  resulted  in  slightly  greater  plastic  axial  strains. 

I  he  most  significant  findings  were  that  the  resilient  response  of  all 
specimens  was  drastically  affected  bv  stress  level.  This  observation  is  best 
illustrated  bv  tin*  forms  of  the  regression  equations  for  K  and  V  (Equations 
«.4,  5.5a  and  r».5b).  As  compared  with  the  variations  in  !•!  induced  by  changes 
in  tin  state  of  stress,  density  and  material-type  effects  are  small.  lhe  typically 
flat  appearance  of  the  v  curve  in  tlie  range  of  most  likely  to  occur 

in  in-service  pavements  would  indicate  that  this  parameter  would  varv  only 
slightly  under  field  conditions. 

hei or i  conclusions  can  he  drawn  regarding  the  significance  of  Lhe  variations 
m  i  ■< i  i  lent  parameters  induced  by  variations  in  material  type  and  density, 
or  oh i  lined  by  different  test  procedures,  it  Is  first  necessary  lo  examine 
the. si  d i I f erences  in  the  context  of  their  effects  on  the  response  of  a  pavement 
stru  lure  to  wheel  loadings.  This  is  done  in  Chapter  b. 
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CHAPTER  6 

IMPLICATIONS  OF  THE  LABORATORY  RESULTS  FOR  PAVEMENT  ANALYSIS 

6 . 1  Introduction 

As  discussed  in  Chapter  5,  the  results  of  the  laboratory  investigations 
yielded  predictive  equations  for  the  resilient  modulus  for  each  specimen  that 
differed  for  each  type  of  test  (VCP  and  CCP) .  For  two  specimens,  the  high 
and  intermediate  density  blend  materials,  there  was  very  little  di  cnee 
in  the  data  derived  from  the  two  tests.  However,  for  the  other  specimens  the 
CCP  test  appeared  to  overestimate  K  throughout  most  of  the  range  of  values. 

The  magnitude  of  the  difference  in  each  case  was  seen  to  he  a  funct*on  of 
0,  because  of  the  intersecting  nature  of  most  of  the  pairs  of  regression  lines. 
Obviously  the  difference  in  calculated  values  of  K  would  he  snail  for  values 
of  0  near  the  point  of  intersection  and  would  increase  forf  values  progressively 
less  than  or  greater  than  Oat  the  point  of  intersection.  Even  1j;  . 
where  E^,  as  determined  by  the  CCP  test,  was  greater  than  from  the  VCP  U  >i 
throughout  the  .ange  of  0,  the  difference  was  not  constant  because  of  the  dltiercni 
slopes  of  the  regression  lines.  Therefore,  any  determination  of  the  signifi  anci 
of  the  differences  in  test  results  must  take  into  account  the  variable  '■ ,  me 
sum  of  the  principal  stresses  or  first  invariant.  It  is  obvious  that  li  '.(••• 
range  of  0  occurring  in  a  particular  pavement  section  would  yield  .similar  vain* 
of  from  the  predictive  equations  for  either  type  test,  then  the  use  r*  eltlut 
model  in  an  analysis  would  result  in  only  very  slight  changes  in  cot  tail  I'n! 

indicators  of  pavement  response.  Conversely,  if  any  analysis  is  carried  tu 
at  each  of  a  wide  range  of  resilient  material  parameters,  then  the  calculated 
changes  in  these  same  indicators  would  be  indicative  of  the  relative  influeuci 
of  each  parameter  that  was  varied.  Such  a  procedure,  termed  sensitivity  analv«l«. 
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lias  been  used  by  other  investigators  to  determine  the  effects  of  variations 
in  material  parameters  on  various  aspects  of  pavement  response  to  load  (49) 

(64).  The  sensitivity  analysis  reported  in  this  chapter  was  undertaken  as  an 
attempt  to  assay  the  significance,  if  any,  of  the  variations  in  resulting 
from  the  VCP  and  CCP  type  triaxial  tests. 

Four  indicators  of  pavement  response  were  studied — surface  deflection, 
tensile  strain  in  the  asphalt  layer,  vertical  stress  and  vertical  strain  in  the 
subgrade.  The  first  three  indicators  were  discussed  in  Chapter  3.  The  use 
of  vertical  strain  in  the  subgrade  as  a  factor  to  be  studied  lias  been  suggested 
by  Klomp  and  Dormon  (40).  As  reported  in  reference  (40),  limiting  values  of 
vertical  subgrade  strain  constitute  part  of  the  basis  of  the  design  procedure  lor 
flexible  pavements  developed  bv  the  Koninklijke  She  1 1  Laborator ium  in  Amsterdam. 

It  is  known  that  surface  deflection  and  maximum  tensile  strain  at  the  bottom 
of  the  bituminous  surface  course  relate  directl;  to  fatigue  cracking  of  the 
asphalt  (64),  and  vertical  stresses  and  strains  in  the  subgrade  can  be  correlated 
with  subgrade  rutting  (20).  Therefore  it  is  considered  that  these  four  indicators 
of  pavement  performance  are  sufficiently  comprehensive  to  provide  reliable 
evidence  of  the  effects  of  variations  in  material  properties  on  pavement  response 
to  l)ad. 

The  sensitivity  analysis  discussed  herein  consisted  of  finite  elements 
analysis  of  one  typical  flexible  pavement  section.  Twenty  one  combinations 
of  base  and  subbase  course  material  parameters  were  utilized.  The  computer 
solution  was  described  in  Chapter  3.  For  this  analysis  the  program  was  modified 
to  allow  the  modulus  of  the  granular  material  to  be  computed  as  a  function 
of  u,  E^  ■  K  n.  Poisson's  ratio  was  input  as  a  constant  for  each  layer  in 
the  system,  hut  in  view  of  the  very  slight  changes  in  for  tl  1  range  of 

encountered  in  a  flexible  pavement  structure  the  error  resulting  from 


162 


the  use  of  a  constant  value  can  be  regarded  as  minimal. 

The  one  pavement  structural  configuration  ana  yzed  is  shown  in  Figure 
(> .  1 ,  and  the  finite  element  grid  is  depicted  in  Figure  6.2.  The  80  psi  surface 
pressure  was  applied  in  8  increments. 

To  ascertain  the  significance  of  changes  in  K  and  n  values  (E  =  K  0 n) 

and  Poisson's  ratio,  each  of  the  three  parameters  was  varied  over  a  wide  range 

of  possible  values.  In  addition,  an  inverted  section,  similar  to  Figure  6.1 

except  that  the  granular  subbase  was  replaced  by  an  equal  thickness  of  lime- 

stabilized  subgrade,  war.  analyzed.  Descriptions  of  Lhe  different  combinations 

of  material  parameters  are  listed  in  Table  6.1.  Note  that  Section  1  is  described 

as  the  reference  section.  Changes  in  the  indicators  of  pavement  performance 

induced  by  variations  in  material  parameters  are  compared  to  the  indicators 

resulting  from  analysis  of  section  1.  Likewise  Section  15,  the  stabilized 

reference  section,  serves  as  a  basis  for  comparison  of  the  subsequent  sections. 

For  section  1  E  and  v  of  the  base  course  were  described  by  the  regression  line 
t  r 

developed  from  the  VCP  triaxial  test  data  for  specimen  HD-1  and  the  resilient 
parameters  of  the  subbase  were  determined  by  the  VCP  test  on  specimen  LD-2. 

For  all  sections  the  properties  of  the  asphalt  layer  and  subgrade  were  as  for 
the  section  described  in  Chapter  3.  It  should  be  noted  that  the  ranges  of 
values  for  K,  n  »  and  shown  in  Table  6.1  were  determined  from  analysis  of  the 
laboratory  data. 


6 . 2  K  and  n  Varied  Simultaneously 

The  results  of  the  sensitivity  analysis  are  shown  in  Table  6.2.  For  Section 
2  the  equations  for  L  for  both  the  base  and  subbase  were  replaced  with  those 
determined  rom  the  CCP  test  results  on  the  same  specimens.  The  resulting 
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Figure  6.1 

Pavement  Structural  Configuration  Used  in  Sensitivity  Analysis 
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TABLE  6.1 

RESILIENT  MATERIAL  PARAMETERS  USED  IN  SENSITIVITY  ANALYSIS 


Section 

Base  Course 
Er>  psi 

Base  Course 

V 

r 

Subbase 

Ef ,  psi 

Subbase 

V 

r 

1 

66356' 40 

.38 

16130 ' 69 

.38 

2 

23766 ' 69 

.38 

2  8  4  90' 56 

.38 

3 

23760  * 69 

.38 

16130 '69 

.38 

4 

66356' 69 

.38 

28490- 56 

.38 

5 

25000' 40 

.38 

16130' 69 

.38 

6 

An 

80000 

.38 

16130 '69 

.38 

7 

66350'60 

.38 

1613q' 69 

.38 

8 

66356' 30 

.38 

16130’ 69 

.38 

9 

66350' 40 

.38 

35000' 69 

.38 

10 

66359' 40 

.38 

.38 

11 

66350' 40 

.38 

16130' 45 

.38 

12 

66350 *4° 

.38 

16130' 30 

.38 

13 

66356  M 

.45 

16130' 69 

.36 

14 

66350' 40 

.30 

.38 

15** 

66350'40 

.38 

E  ■  150,000  psi  ■  0.12  (stabilized  layer) 

16 

40 

25000 

.38 

E  ■  150,000  pal  v  *  0.12  (stabilized  layer) 

17 

80000' 40 

.38 

E  "  150,000  pal  ■  0.12  (stabilized  layer) 

18 

66359 ,6° 

.38 

E  ■  150,000  pal  v  ■  0.12  (stabilized  layer) 

19 

/ / • 30 
66350 

.38 

E  -  150,000  pal  ■  0.12  (stabilized  layer) 

20 

<635"' 40 

.30 

E  ■  150,000  pal  ■  0.12  (stabilized  layer) 

21 

6635'.*40 

.45 

E  •  150,000  pal  •  0.12  (stabilized  laver) 

*  Reference  Section 
**  Reference  Inverted  Section 


changes  in  surface  deflection  and  tensile  strain  in  the  asphalt  are  Minimal. 
The  changes  in  subgrade  stress  and  strain  appear  to  be  more  drastic  at  first 
glance.  However,  viewed  in  light  of  the  small  magnitudes  of  stress  and  strain 


computed,  these  changes,  too,  are  slight.  For  example,  the  maximum  compressive 
strains  on  the  subgrade  shown  in  Table  6.2  are  less  than  one  half  the  limiting 
strain  proposed  by  Klomp  and  Dorman  (40)  for  pavements  to  be  subjected  to  1,000,000 
loads.  it  should  be  noted  that  these  limiting  strain  criteria  were  developed 
from  the  AASHO  Road  Test  data  (12)  and  substantiated  by  analyses  of  conventional 
pavement  sections  developed  from  CBR  design  curves.  These  analyses  yielded  maxi¬ 
mum  subgrade  strains  of  8  to  9  x  1(3^  in/in  regardless  of  soil  type  (40). 

For  Sections  3  and  4  the  (CP  data  were  substituted  for  the  VCP  data  for 
one  granular  layer  at  a  time.  Again,  the  variations  in  the  pavement  response 
were  slight. 

6.3  K  Varied  -  n  Unchanged 

For  Sections  5  and  6,  the  value  of  the  coefficient  K  for  the  base  course 
was  changed  to  2300  and  8000  respectively  and  the  subbase  modulus  was  the  same 
as  for  section  one.  Note  that  Section  5,  with  a  decrease  in  K  of  over  60  per 
cent,  shows  only  an  11  per  cent  Increase  in  surface  deflection.  For  Section 
6,  the  increase  in  K  of  about  20  per  cent  resulted  in  a  decrease  in  surface 
deflection  of  only  0.6  per  cent.  For  each  section  the  changes  in  the  oth*  r 
indicators  were  similar  in  magnitude  to  those  in  surface  deflection.  Again, 
t  he  variations  in  subgrade  stress  and  strain  were  numerically  greater  tlm  ' 
the  changes  in  the  other  indicators. 

However,  for  Sections  16  and  17,  the  inverted  sections  for  which  the  K 
values  for  the  base  course  underwent  identical  changes  as  Sections  5  and  6 
the  variations  in  surface  deflection  and  tensile  strains  in  the  asphalt  wort 


EFFECTS  OF  VARIATIONS  IN  RESILIENT  PARAMETERS  ON  INDICATORS  OF  PAVEMENT  PERFORMANCE 
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r 


Change  refers  to  the  change  in  the  indicator  as  compared  to  the  Reference  Section 


much  more  drastic.  Also  of  interest  regarding  the  inverted  sections  were  the 
very  slight  variations  in  subgrade  stress  and  strain  induced  by  changes  in 
the  granular  material  parameters.  This  effect  must  lie  attributed  to  the  load 
spreading  action  of  the  much  stiffer  stablilized  layer  which  effectively  insulated 
the  subgrade  from  the  rest  of  the  system. 

Variations  in  the  value  of  K  for  the  subbase  (Sections  9  and  10)  accounted 
for  a  wider  range  of  variations  in  the  performance  indicators  than  did  the 
changes  in  base  course  parameters  (Sections  5  and  6).  Most  of  this  variation 
can  be  explained  by  the  greater  thickness  of  the  subbase  and  by  the  tact  that 
the  changes  in  K  for  the  subbase  were  much  greater  (  +215  per  cent  for  Section 
9  and  +430  per  cent  for  Section  10.) 

6.4  n  Varied  -  K  Constant 

Changing  the  value  of  the  exponent  n  for  the  base  course  (Sections  7  and 
8)  caused  very  slight  variations  in  the  computed  indicators.  However,  for 
the  Inverted  Sections  18  and  19,  the  same  changes  in  n  of  the  base  course  resulLed 
in  much  larger  variation  in  surface  deflections  and  tensile  strains  in  the 
asphalt  concrete.  Again  the  subgrade  stresses  and  strains  were  virtually  unaffected 
in  the  inverted  sections. 

The  variations  In  n  values  for  the  subbase  (Sections  11  and  12)  resulted 
in  greater  changes  in  the  indicators  of  pavement  performance  than  did  the  changes 
In  n  for  the  base  course  for  the  same  reasons  slated  in  connection  with  the 
changes  in  the  parameter  K. 

6.5  I'oisson’s  Matlo  Varied 

1‘oisKon'H  ratio,  ,  was  varied  for  the  base  course  in  Sections  1)  and 
r 

14.  As  shown  in  fable  6.2,  only  minimal  changes  In  pavement  response  resulted. 
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The  changes  in  response  due  to  variations  in  the  base  course  Vj  for  the  inverted 
Sections  20  and  21  were  somewhat  greater  than  those  for  Sections  13  and  14, 
but  still  relatively  small  as  compared  to  the  variations  wrought  by  increasing 
or  decreasing  the  resilient  modulus  of  the  granular  layers. 

6 . 6  interaction  of  K  and  n 

Examination  of  Table  6.2  indicates  that  changes  in  the  coefficient  K  and 
exponent  n  of  the  granular  layers  can  result  in  large  variations  in  the  computed 
indicators  of  pavement  response.  The  greatest  variations  in  response  were 
caused  by  quite  large  variations  in  tie  parameters  and  occurred  when  K  and  n 
were  both  at  maxima  or  both  at  minima.  Ulien  varied  singly,  iL  appeared  that 
changes  in  each  parameter  of  the  same  relative  magnitude  lead  to  similar  variations 
in  the  response  indicators.  Thus  it  is  difficult  to  state  that  one  parameter 
exerts  greater  ini  luenco  than  the  other.  Ulien  both  K  and  n  are  varied  simultaneous¬ 
ly,  as  is  the  case  when  CCP  parameters  are  substituted  for  VCT  parameters  t  ectior 
2,  3,  and  4),  the  computed  response  indicators  undergo  little  change.  This 
development  can  only  be  explained  by  assuming  an  interaction  of  K  and  n.  In 
Chapter  5  it  was  stated  that  for  all  specimens  the  regression  lines  for 
the  VCP  and  CCP  test  data  were:  not  identical.  However,  it  was  pointed  out 
that  in  no  case  did  both  K  and  n  increase  or  decrease  from  one  test  type  to 
another.  If  one  parameter  increased,  the  other  decreased;  thereby  causiig 
the  regression  curves  to  intersect  or  converge.  The  importance  of  this  >t  •rv.uieii 
can  be  seen  from  the  results  of  the  sensitivity  analvsls  of  Sections  2,  3, 
and  4.  The  interaction  of  K  and  n  is  such  that  the  effects  of  an  increase 
in  one  are  largely  negated  by  a  decrease  In  the  oilier  and  vice-versa. 
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6. 7  Significance  of  Variations  In  the  Resilient  Material  Parameters 

The  results  of  the  sensitivity  analysis  tabulated  in  Table  6.2  demonstrate 
the  importance  of  accounting  for  the  stress-dependent  properties  of  granular 
materials.  Changes  in  one  parameter  K  or  n  without  regard  to  the  magnitude 
of  the  other  parameter  can  result  large  variations  in  the  indicators  of  pavement 
response,  depending  upon  the  magnitude  of  the  changed  parameter. 

A  most  significant  conclusion  to  be  drawn  relates  to  the  interaction  of 
the  variables  K  and  n  and  the  manner  in  which  they  vary  for  the  two  different 
test  types  (VCF  and  (.CP)  on  any  one  specimen.  On  the  basis  of  the  nature  of 
the  variations  in  K  and  n,  as  determined  bv  each  type  test  (Table  5.3)  and 
the  effects  of  the  interaction  of  K  and  n  (Table  6.2),  it  can  be  concluded 
that  the  predictive  equations  for  the  resilient  modulus,  as  determined  by  the 
COP  test,  are  adequate  for  use  in  pavement  analyses.  In  other  words.  Table 
6.2  indicates  that  the  stress-dependent  model  for  the  resilient  modulus  is 
ot  the  utmost  significance  and  that  the  parameters  of  the  model,  K  and  n,  developed 
tr  >  the r  type  laboratory  test  would  yield  similar  analytical  results.  Because 
test  can  be  conducted  with  standard  lal  >ralorv  triaxial  testing  equipment 
ind  ti. e  \ <  I  test  requires  additional  expensive  equipment,  it  appears  tli.u  the 
>•: !  ect-,  ot  differences  in  the  test  results  are  so  slight  as  to  render  the  more 
complicated  VOP  test  unnecessary. 

I  ur  Lliermore ,  because  the  values  of  Poisson's  ratio  computed  from  C'Cl*  test 
data  are  unacceptably  large  and  because  of  the  relatively  flat  slope  of  (lie 
regression  line  for  fron  the  VCP  test  over  the  range  ol  occurring 

In  granular  pnverent  1  avers  and  lecauso  p.ivenent  response  to  load  Is  least 
rtllfcUd  by  clumges  In  Poisson's  ratio,  constant  values  ol  ■.  In  the  range 
ol  0.1'*  to  o.An  can  be  assigned  ;o  the  granular  I aver*  vlth  onlv  minimal  errors 
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The  results  of  the  sensitivity  analysis  of  the  Inverted  section  revealed 
certain  important  points.  First,  as  was  also  mentioned  in  the  stress  analysis 
section  in  Chapter  3,  the  use  of  a  stiffer  layer  underneath  the  granular  base  course 
results  in  drastically  reduced  surface  deflections  end  tensile  strains  in 
the  asphalt  layer.  Furthermore,  stresses  and  strains  in  the  subgrade  are  less 
than  for  conventional  sections.  Second,  the  increased  stress  levels  in  the 
overlying  granular  layers  induced  by  the  stabilized  layer  are  such  that  the 
stress-dependent  nature  of  the  granular  layer  is  accentuated.  This  results 
in  significantly  greater  variations  in  surface  deflections  and  tensile  strains 
in  the  asphalt  concrete  accompanying  changes  in  the  baae  course  parameters 
K  and  r  than  in  conventional  sections.  In  addition,  the  subgrade  is  effectively 
insulated  from  changes  in  the  parameters  of  the  granular  layers  by  the  flexural 
action  of  the  stabilized  layer.  Finally,  it  should  be  noted  that  the  maximum 
tensile  stresses  developed  in  the  stabilized  layer  are  quite  small  (•?  10  psi)  and 
are  only  minimally  affected  by  changes  in  the  modulus  of  the  overlying  granular 
material . 

In  summary,  the  sensitivity  analysis  of  the  data  collected  during  the 
laboratory  investigation  phase  of  this  study  confirne  the  applicability  of 
the  repeated  load  triaxlal  test  at  constant  confining  pressures  as  an  effective 
means  of  characterizing  the  resilient  response  of  granular  materials.  Furthermore, 
because  of  the  stress  dependent  nature  of  the  resilient  modulus  of  these  materials 
mul  the  eftects  on  pavement  response  of  variations  in  the  modulus,  proper  accounting 
ot  the  stale  of  stress  within  granular  layers  is  ssssntinl  when  defining  material 
psr.v.et  rn  for  pavement  structural  analysis. 
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CHAPTER  7 

SUMMARY  AND  CONCLUSIONS 


7. 1  Summary 

During  the  course  of  this  study,  three  materials  —  crushed  stone,  gravel, 
and  a  blend  of  crushed  stone  and  gravel  —  were  tested  in  the  triaxial  apparatus 
at  three  levels  of  density.  Two  types  of  repeated-load  triaxial  tests  were 
carried  out  on  each  of  the  nine  specimens:  the  variable  confining  pressure 
test  (VCP) ,  in  which  the  chamber  pressure  was  varied  simultaneously  with  the 
axial  stress,  and  the  constant  confining  pressure  test  (CCU) ,  in  which  the 
chamber  pressure  was  held  constant  during  application  of  the  axial  stress 
For  each  test  type,  predictive  equations  for  the  resilient  modulus  and  resilient 
Poisson's  ratio  of  the  specimen  were  developed  through  regression  analysis 
oi  the  test  data.  A  highly  significant  correlation  was  found  lo  exist  between 
the  state  of  stress  In  the  specimen  and  the  resilient  parameters. 

A  sensitivity  analysis  was  performed  utilizing  a  finite  elements  computer 
solution.  In  this  portion  of  the  study  a  conventional  flexible  j  wisent  se<  t  Inn 
and  an  inverted  section  were  analyzed  and  the  effects  of  changes  In  the  resilient 
material  parameters  on  four  indicators  of  pavement  response  were  noted. 

7.2  i onclusions 

conclusions  derived  from  the  results  of  this  investigation  are  as  follows: 

I.  The  resilient  response  of  well-graded  granular  materials,  such  as 
those  tested  In  this  studv,  is  independent  of  stress  pulse  duration.  Therefore, 
anv  pulse  duration  In  the  range  of  those  applied  to  element*  of  pavement*  *»v 
wheel  loads  roving  at  speeds  of  ahout  IY  to  70  of  les  per  litsir  eav  he  used  In 
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2.  The  resilient  response  of  a  specimen  determined  alter  2S  to  100  stress 
repetitions  is  representative  of  the  resprnse  after  several  thousand  stress 
repetitions . 

3.  One  specimen  may  be  used  to  measure  the  resilient  response  over  the 
entire  range  of  stress  levels.  In  addition,  the  stress  sequence  tests  revealed 
that  these  stress  levels  could  be  applied  to  the  upecicci  in  anv  order  without 
incurring  testing  error. 

4.  The  testing  variable  most  significantly  affecting  the  resilient  response 

of  the  granular  specimens  was  the  applied  state  of  stress.  The  stress-dependent 

nature  of  the  resilient  parameters  is  typified  hv  the  torn  of  the  predictive 

equations  for  1  and  .■  : 

r  r 


K 

r 


or 


3 


and 

•b0thl  'YV  <  V  v' 1  l  3  « ,  v1 

where,  K,  n,  K' ,  n' ,  and  the  b  coefficients  are  constants  resulting  f roe  re* f on 
analysis  of  the  test  data. 

5.  The  resilient  parameter*  are  affected  by  variations  in  the  dry  density 
of  the  specimen,  •.cnerally,  the  resilient  modulus  increase*  as  density  increases. 
Poisson's  ratio  ahowed  no  consistent  variation  with  changes  In  density,  .he 
values  of  were  very  similar  for  all  specimens  at  corresponding  value*  * 
for  the  VCP  test. 

<».  The  effects  of  material  type  on  the  resilient  parameters  are  oil#  ( 
compared  with  the  effects  of  hanges  In  the  state  of  stress.  In  general,  iih 
crushed  stone  yielded  slightly  higher  values  ol  I  than  the  gravel.  IW  nrdv  u* 
of  the  blend  material  was  normally  between  those  of  tire  other  materials. 
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Poisson's  ratio  varied  only  minimally  from  one  material  to  another.  The 
values  of  v  calculated  for  the  gravel  normally  exceeded  those  for  the  crushed 
stone. 

7.  Indications  of  anisotropic  behavior  were  observed  for  both  the  CCP 
and  VCP  tests.  Although  it  was  not  possible  to  measure  the  stiffness  in  both 
the  lateral  and  axial  directions,  it  appeared  that  each  specimen  was  less  stiff 
in  the  lateral  direction. 

8.  As  compared  to  the  VCP  test,  the  CCP  test  greatly  overestimated  Poisson's 
ratio.  Most  likely,  a  portion  of  t lie  large  lateral  deformations  observed  were 
due  to  nonuniform  states  of  stress  and  strain  within  the  specimen.  However, 
since  the  VCP  test  yielded  values  of  u  in  the  range  of  0.35  to  0.40  it  is 
felt  that  conditions  of  the  CCP  test  are  such  as  to  impose,  greater  amounts 
of  voiume  change  on  the  specimens,  as  indicated  by  the  computed  values  of 
consistently  in  excess  of  0.50. 

9.  Values  of  the  resilient  modulus  computed  from  CCP  test  data  exceeded 
E  computed  i rom  the  VCP  tests  for  most  stress  levels.  I  he.  magnitude  of  the 
difference  was  itself  a  function  of  the  state  of  stress  and,  thus,  non-constant, 

Howevt  ,  on  the  basis  of  the  observed  interaction  of  the  parameters  K  and  n 
from  the  sensitivity  analysis  and  the  intersecting  nature  of  the  regression 
lines  for  E  as  determined  for  each  type  test,  it  can  be  concluded  that  any 
differences  in  the  predictive  equations  for  E  derived  from  the  two  test  procedures 
exert  only  minimal  influence  on  such  indicators  of  pavement  response  as  surface 
deflection,  maximum  tensile  strain  in  the  asphalt  concrete  layer,  and  vertical 
stress  and  strain  in  the  subgrade.  Therefore  the  continued  use  of  the  CCP  ( 

triaxial  test  as  a  means  of  characterizing  granular  materials  is  justified. 

10.  Although  the  CCP  test  yields  unacceptably  high  values  of  Poisson's 
ratio,  the  use  of  a  constant  value  of  V  for  granular  paving  materials,  in 
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the  range  of  0.35  to  0.40,  appears  to  adequately  represent  this  parameter  for 
pavement  analysis.  This  conclusion  is  formed  on  the  basis  of  the  relatively 
flat  slope  of  the  regression  line  for  over  a  range  of  o^/cr^  ^rom  2  t0 
In  addition,  the  indicators  of  pavement  response  are  least  affected  by  changes 
in  Poisson's  ratio,  as  shown  by  the  results  of  the  sensitivity  analysis. 

11.  Total  plastic  axial  strains  developed  in  a  specimen  during  the  CCP 

Lest  exceeded  those  developed  during  the  VCP  test  by  2  to  56  per  cent.  Furthermore, 
the  least  total  plastic  axial  strains  were  accumulated  by  the  crushed  stone, 
followed  by  the  blend  material  and  gravel  in  that  order.  Also,  as  the  density 
of  each  material  type  increased,  plastic  axial  strains  decreased.  It  appeared 
that  density  level  and  material  type  effects  were  more  pronounced  for  plastic 
response  than  for  resilient  response. 

12.  The  sensitivity  analysis  showed  the  necessity  of  accounting  for  the 
state  of  stress  in  granular  layers  when  computing  pavement  response  to  load. 

The  results  of  the  sensitivity  analysis  also  indicate  that  an  investigator 

can  choose  reasonable  representative  values  for  the  resilient  granular  material 
parameters  for  preliminary  analysis  of  a  proposed  pavement  section  without 
the  benefit  of  prior  laboratory  tests. 

13.  The  merits  of  the  inverted  pavement  section  were  also  demonstrated 
by  the  sensitivity  analysis.  The  use  of  a  stabilized  layer  below  the  granular 
base  course  results  in  increased  stress  levels  in  the  overlying  granular  layer. 

Thus  the  resilient  modulus  in  the  granular  layer  is  increased.  This  in  turn 
leads  to  such  beneficial  effects  as  lower  surface  deflections,  reduced  tensile 
strains  in  the  asphalt,  and  lower  vertical  stresses  and  strains  in  the  subgrade, 
tn  addition,  the  tensile  stresses  in  the  stabilized  layer  of  a  well  designed 
pavement  structure  are  slight.  Furthermore,  the  heightened  stress  levels  in 

the  granular  layer  render  this  material  more  sensitive  to  changes  in  the  parameters 
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K  and  n;  again  demonstrating  the  necessity  of  proper  material  characterization. 

The  inverted  section  represents  one  technique  of  exploiting  the  stress  depen¬ 
dent  nature  of  the  resilient  response  of  granular  materials  to  the  designer's 
advantage . 

7 . 3  Recommended  Research 

During  the  course  of  this  study  it  became  apparent  that  futher  investigations 
were  necessary  in  two  areas: 

1.  The  anisotropic  behavior  of  granular  materials  has  been  noted.  Further 
research  is  necessary  to  determine  the  relative  stiffness  of  compacted  granular 
specimens  in  the  axial  and  lateral  directions  as  well  as  the  significance  of 
this  type  behavior  for  pavement  response  to  load. 

2.  Further  research  should  be  directed  towards  the  prediction  of  plastic 
response  of  granular  materials  subjected  to  great  numbers  of  stress  repetitions. 

In  addition,  methods  of  reducing  the  rutting  tendencies  of  granular  layers 
should  be  investigated.  Sucli  methods  could  take  the  form  of  the  addition  of 
stabilizing  agents  to  modify  the  fine  materials,  altered  gradation,  or  the 
blending  of  different  material  types. 
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APPENDIX  A 

DATA  FROM  PRIMARY  TEST  SERIES 


The  following  pages  contain  the  values  of  applied  stresses,  resulting  strains, 
and  computed  resilient  moduli  and  resilient  Poisson's  ratios  from  the  primary  test 
series.  For  the  VCP  results,  the  axial  stress  is  c^.  lor  the  CCP  results,  the 
axial  stress  is  the  repeated  deviator  stress.  The  units  of  stresses  and  moduli  are 
psi.  Strains  are  in  terms  of  in/in. 


TEST  SPECIMEN  AxIAL  RADIAL  AXIAL  RADIAL  RESILIENT  POISSONS 

TYPE  STRESS  STRESS  STRAIN  STRAIN  MODULUS  RATIO 


TEST  SPECIMEN  AXIAL  RADIAL  AXIAL  PAOIAl  RESILIENT  POISSONS 

type  stress  STRESS  strain  strain  modulus  ratio 


TEST  SPECIMEN  AXIAL  RADIAL  AXIAL  RADIAL  RESILIENT  POISSONS 

TYPE  STRESS  STRESS  STRAIN  STRAIN  MODULUS  RATIO 


TEST  SPECIMEN  AXIAL  RADIAL  AXIAL  RADIAL  RESILIENT  POISSONS 

TYPE  STRESS  STRESS  STRAIN  STRAIN  MODULUS  RATIO 


TEST  SPECIMEN  AXIAL  RADIAL  AXIAL  RADIAL  RESILIENT  POISSONS 

TYPE  STRESS  STRESS  STRAIN  STRAIN  MODULUS  RATIO 


TEST  SPECIMEN  A  <  1 AL  PAD  1 AL  AAlAL  RADIAL  RESILIENT  POISSONS 

type  STRESS  STRESS  STRAIN  STRAIN  MODULUS  RATIO 


TEST  SPECIMEN  AXIAL  RADIAL  AXIAL  RADIAL  RESILIENT  POISSONS 

TYPE  STRESS  STRESS  STRAIN  STRAIN  MODULUS  RATIO 


000 


TEST  SPECIMEN  Axial  RADIAL  axial  RADIAL  RESILIENT  POISSONS 

TYPE  STRESS  STRESS  STRAIN  STRAIN  MODULUS  RATIO 


TEST  SPECIMEN  AXIAL  RADIAL  AXIAL  RADIAL  RESILIENT  POISSONS 

TYPE  STRESS  STRESS  STRAIN  STRAIN  MODULUS  RATIO 


69.0  15.0  .001489  .000939  46367 


TEST  SPECIMEN  A* I*L  RAOIAL  AXIAL  RADIAL  RESILIENT  POISSONS 

TYPE  STRESS  STRESS  STRAIN  STRAIN  MODULUS  RATIO 


TEST  SPECIMEN  AXIAL  RADIAL  AXIAL  RADIAL  RESILIENT  POISSONS 

TYPE  STRESS  STRESS  STRAIN  STRAIN  MODULUS  RATIO 
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TEST  SPECIMEN  A<  I AL  RADIAL  AXIAL  RADIAL  RESILIENT  POISSONS 

TYPE  STRESS  STRESS  STRAIN  STRAIN  MODULUS  RATIO 


TEST  SPECIMEN  A  *  I AL  RADIAL  aaIal  RADIAL  RESILIENT  POISSONS 

TYPE  STRESS  STRESS  STRAIN  STRAIN  MODULUS  RATIO 
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APPENDIX  B 
NOMENCLATURE 

=  lateral  strain,  in/in 

l  =  axial  strain,  in/in 

a 

t  =  time 

T  =  temperature 

T  =  shear  stress,  psi 

0^  =  axial  stress,  psi 

o  =  radial  stress,  psi 

0  =  first  invariant  of  the  stress  tensor;  numerically  equal  to  the  sum  of  t ho 

principal  stresses,  lor  a  triaxial  test  specimen,  =  j  +  2 

l'  =  soil  constant,  proposed  hv  Barkan  (7),  relating  the  elastic  modulus  to  the 
stress  invariant,  psi-^ 

M  =  soil  modulus  of  deformation  proposed  by  Dunlap  (24),  psi 
M  -  resilient  modulus,  psi 

K^,  K9,  K^' ,  K.,'  *  constants  In  the  equations  for 

v  *  resilient  Poisson's  ratio 

r 

3 

Yj  »  dry  density,  lb/ft 

P  *  distributed  surface  pressure,  psi 

wz  =  vertical  displacement  at  depth  z  within  a  pavement  structure,  inches 

a  =  radius  of  surface  load,  inches 

•  2  >2  1  <•  '2 

v  «  l.aPlacc  Operator,  r— j  +  —  t— •  +  — -y 

>r  r  t 

>z 

0,V  «■  stress  functions 

J  -  Bessel  function  of  first  kind  and  zero  order 
o 

[Q]  ■  matrix  of  concentrated  node  point  loads 
(K)  *  stiffness  matrix 

(U)  ■  matrix  of  node  point  displacements  in  the  r-z  plane 
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{ II]  =  elasticity  matrix 

C,  0  =  Coulomb  shear  strength  parameters 

Kf  =  constant  relating  compressive  strength  to  asymptotic  stress  different  in 
the  hyperbolic  stress-strain  law 

b  *  resilient  modulus,  'si 

K,  n,  K’,  n1  *  constants  in  the  predictive  equations  for  E 

r 

UT  *=  variable  confining  pressure  repeated-load  triaxial  test 

CCP  ■  constant  confining  pressure  repeated-load  triaxial  test 

Cp  ■  plastic  axial  strain,  in/in 
^  *  volumetric  strain 
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This  project  Investigated  the  effects  of  non-constant  lateral  pressures 
on  the  resilient  response  of  granular  materials.  Three  materials  (crushed 
stone,  gravel,  and  a  blend  of  crushed  stone  and  gravel)  at  three  levels  of 
density  were  subjected  to  repeated  dynamic  lateral  and  axial  stresses  in  a 
specially  designed  and  fabricated  trlaxial  chamber.  The  same  specimens  were 
also  tested  at  constant  confining  pressure  and  repeated  dynamic  axial  stresses. 
The  influence  on  the  resilient  response  of  the  materials  of  such  factors  as 
stress  history,  stress  pulse  duration,  stress  sequence,  density  level,  and 
material  type  was  investigated. 

Predictive  equations  for  the  resilient  modulus  and  resilient  Poisson's 
ratio  were  developed  by  means  of  nonlinear  regression  analyses  of  the  labora¬ 
tory  data.  A  sensitivity  analysis  of  typical  flexible  pavement  sections  was 
carried  out  using  a  non-linear  finite  sensitivity  analysis;  It  was  possible 
to  ascertain  the  significance  of  the  laboratory  results  as  regards  pavements 
response  to  dynamic  loading. 
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